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ABSTRACT

Operational amplifiers (op amps) are one of the most fundamental and widely used building
blocks for analog and mixed-signal circuits and systems. As transistors’ feature size scales
down in the deep submicron process, the short channel effects, high leakage current and
reduced supply voltages make the design of op amps more challenging. In this dissertation, we
present several methods to improve op amps’ DC gain, slew rate, power efficiency and current
utilization efficiency (CUE).

A basic requirement for an op amp is high DC gain especially for high precision applications.
We introduce a method to robustly improve op amps’ DC gain with negligible power and area
overhead. The new DC gain enhancement method can be implemented based on the source
degeneration circuit (SDC) or the flipped voltage attenuator (FVA). Compared to the FVA-
based technique, the SDC-based technique is more suitable for those CMOS processes whose
transistors’ threshold voltages are too low for the transistors in the FVA to work in weak or
strong inversion regions. Otherwise, the FVA-based technique is recommended as this
technique is more robust to devices’ random mismatch. A prototype op amp with the FVA-
based technique is designed and fabricated in the IBM130nm process. The measurement and
simulation results of the prototype verify that the technique largely enhances an op amp’s DC
and is very robust over process, voltage and temperature variations.

Another important op amp requirement is high slew rate. In this regard, we introduce a
method that greatly improves an op amp’s slew rate while still preserving its small signal
performance by a well-defined turn-on condition. The performance of the introduced method
is discussed in comparison with an existing adaptive biasing method that was widely used to

enhance slew rate. The introduced method excels in several aspects. First, unlike the adaptive
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xii

biasing method which degrades an op amp’ linearity, the introduced method is able to enhance
linearity. Second, the proposed method improves an op amp’s slew rate by 2320% (vs. 780%
by the adaptive method) with the power and area overhead of 2% and 1.2% (vs. 15% and 35%
by the adaptive method). In addition, the proposed method improves the op amp’s total
harmonic distortion (THD) by 6dB but the adaptive method degrades the THD by 12dB.

The ability to drive large capacitive loads is becoming critical for op amps in emerging
applications such as liquid crystal display drivers. In this regard, we introduce a power efficient
design of op amps that can drive large capacitive loads. The proposed method decouples the
large and small signal performance, eliminates current waste in the preamp stages’ load
circuits, and is not sensitive to devices’ random mismatches. Compared to the state-of-the-art
methods, our design prototype in a CMOS 180nm process shows largely improved small and
large signal figure of merits, equivalent to largely improved power efficiency for given small
and large signal performance specifications.

Folded cascode amplifier (FCA) is a commonly used architecture for designing op amps, but
a significant portion of supply current is wasted in the cascode stage. This not only reduces the
current utilization efficiency (CUE), defined as the ratio of an FCA’s tail current to its total
supply current, but also degrades the FCA’s gain, noise and offset. In this regard, we introduce
a method to dramatically reduce a FCA’s cascode stage current without degrading the FCA’s
settling performance. Compared to the existing methods, the proposed method effectively
improves not only the CUE but also the settling performance of op amps.

Lastly, a prototype FCA, with the proposed performance enhancement techniques of gain,

slew rate and CUE, is designed to demonstrate the compatibility of these techniques.
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CHAPTER 1. INTRODUCTION
1.1.Background

Operational amplifiers (op amps) are one of the most fundamental and widely-used building
blocks for analog and mixed-signal circuits and systems. Their applications are found in low
to high speed systems with large to small capacitive loads such as filters, data converters,
integrators, power management IC and communication transmitters and receivers [1-5].

The designs of analog circuits like op amps are becoming more challenging in submicron
CMOS processes, mainly due to the short channel effects, high leakage current and reduced
supply voltage. Short channel effects reduce a transistor’s intrinsic gain, which results in more
challenges to design an effective high gain op amp. High leakage current imposes an upper
limit to the achievable impedance at a node, which consequently limits the DC gain of an op
amp. A low supply voltage for an op amp limits the maximum achievable signal to noise ratio
(SNR) and slew rate. In addition to design difficulties caused by the submicron CMOS process,
achieving desired specifications for many op amps demand large power and area consumption
such as low noise, large gain-bandwidth product (GBW), fast slew rate (SR), short settling
time, large capacitive load driving capability and wide input common mode range.

This dissertation is concerned with op amp performance enhancement for DC gain, slew
rate, power efficiency and current utilization efficiency (CUE). Several new techniques to
improve an op amp’s DC gain, slew rate, power efficiency and CUE are introduced and

discussed in this dissertation.

1.2.Dissertation Outline
In Chapter 2, high precision applications demanding high DC gain operational amplifiers

are presented first, followed by a literature review of state-of-the-art DC gain enhancement
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(GE) techniques. Then the principles for robust GE techniques via conductance cancellation
are introduced. After that, two proposed GE techniques, designed based on a source
degeneration circuit (SDC) and a flipped voltage attenuator (FVA) respectively, are
introduced, analyzed and compared. Finally, incorporating the FVA-based GE technique,
several design examples are presented and discussed with the simulation and measurement
results to confirm the robustness and effectiveness of the proposed GE method.

In Chapter 3, operation transconductance amplifiers (OTAS) applications whose setting time
is restricted by op amps’ slew rate are described. The literature on slew rate enhancement
(SRE) for OTAs is reviewed. Then a new SRE circuit is introduced, which has the ability to
preserve the OTAs’ small signal performance, process well-defined turn-on voltage for SRE
circuits, dramatically improve the OTA’s slew rate and slightly improve the OTAs’ linearity.
Next, the introduced SRE circuit is analyzed in both small and large signal operations. A design
example incorporating the SRE technique is presented with the simulation results to confirm
the effectiveness of the proposed SRE method.

In Chapter 4, op amp applications to drive capacitive loads in the range of nF to uF are
reviewed first, followed by a literature view of state-of-the-art op amp designs for these
applications. Then, the desired features and conceptual design of the proposed power-efficient
op amps for these applications are introduced. After that, a design example, incorporating the
proposed power-efficient design method, is introduced and analyzed in detail. Comprehensive
simulation results of the design example are presented at the end of the chapter. The results
verify that the proposed design has indeed better small and large signal figure of merits

compared with the state-of-the-art methods in both.
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In Chapter 5, op amp applications that need wide or close-to-supply-rail input common mode
range, low noise, low offset voltage, low power consumption and high gain are reviewed. For
these applications, folded cascode amplifiers (FCAs) are natural structure selections. Then,
two differential-to-single-ended conversion circuits for a conventional FCA are discussed and
compared in terms of speed. Then a literature review on the design of FCA’s cascode stage or
turn-around stage is presented. Following that, a new turn-around stage for a FCA is introduced
to dramatically reduce the current waste in the FCA so as to improve the FCA’s current
utilization efficiency (CUE). In the end, a design example is presented with detailed analysis
and extensive simulation results so as to verify the CUE improvement and confirm that no long
recovery time is brought by the proposed CUE enhancement technique.

In Chapter 6, an op amp, which integrates the GE, SRE and CUE enhancement techniques
introduced in Chapter 2, 3 and 5 is designed. The simulation results of the design example are
presented and discussed to confirm the compatibility of these proposed performance

enhancement techniques.
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CHAPTER 2. GAIN ENHANCEMENT FOR OPERATIONAL
AMPLIFIERS

2.1.Introduction

Operational amplifiers (op amps) are important fundamental analog building blocks for
many analog and mixed signal systems. Realization of high gain op amps in standard digital
CMOS is key to implementing a high precision system on a chip. However, as transistor feature
sizes continuously scale down and supply voltage reduces, transistor’s intrinsic gain becomes
smaller typically in the range of 20-30dB in a deep submicron process. Cascoding two
transistors in a stack can boost DC gain to 40~ 60dB, but it is still far from sufficient for high
precision applications such as sigma-delta converters, switched capacitor circuits and optical
sensor analog front end to perform at their best. An efficient DC gain enhancement (GE)

method is needed.

2.2.Literature Review

2.2.1 General approaches for op amp DC gain enhancement

In an effort to improve DC gain of op amps in submicron processes, four methods shown in
Figure 2.1 have been reported [1-4] in the literature: a) cascoding multiple transistors in a stack;
b) cascading multiple gain stages; c) gain-boosting [1] and d) conductance cancellation [2-4].
Method a) is simple but results into a loss in voltage headroom especially when there are many
transistors in a stack. Method b) requires complex frequency compensation, thus seriously
degrading an amplifier’s frequency response and settling performance. Method c) usually
introduces pole-zero doublets which harm an amplifier’s settling performance, in particular for
high accurate settling performance. Method d) is so far seldom used in commercial production

because the yield of large DC gain enhancement over PVT (process, voltage and temperature)
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variation and output voltage swing is low with the existing schemes of method d) such as [2-
4]. The main difficulty lies in that the generated negative conductance by [2-4] does not track
and cancel the positive counterpart when the op amps’ PVT condition and output voltages
change. As a result, without the aid of extensive tuning work, methods [2-4] can only provide
large DC gain enhancement in a particular PVT condition and output voltage. Whenever the
operating conditions or temperatures of the op amps [2-4] change, the op amps need to be
calibrated again, because otherwise the methods [2-4] would fail to provide large DC gain
enhancement and can even potentially reduce the DC gain of op amps. Consequently, the op
amps [2-4] always need to be calibrated before their normal operation, making these op amps
not suitable for continuous-time operation. To maintain functionality, off-chip high-gain low-
offset comparators are used in [2-3] to function as manual tuning circuits. A micro-controller
and a 16-bit DAC are used in [4] to function as automatic tuning circuits. However, due to the
need for extensive operations of the complicated tuning circuits the cost, power consumption

and area overhead of [2-4] are high.

Cc
(b)

Figure 2.1 Gain enhancement via (a) cascoding transistors (b) cascading gain stages (c)
regulated gain boost (d) conductance cancellation
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Figure 2.1 (continued)

2.2.2 A state-of-the-art gain enhancement method via gds cancellation

A half circuit of Yan’s method [3] is shown in Figure 2.2. Because the drain current of M5
is fixed and the bulk and source of M5 are connected, the gate voltage of M5 and M6 track the
changes in source voltage of M5 and M6. Consequently, the equivalent conductance looked
down from the source of M6 is (1-A)*gds6, which becomes negative if A is larger than 1. The
DC gain of the amplifier in Figure 2.2 can be derived as (2-1) assuming that the input

impedance of gain block A is high.

gml

Ay = — _
° 8ds1 + 8ds2 + 8ds4 + 8dss + (1 - A)gds6 (2 l)

As can be seen from (2-1), in order to achieve large DC gain enhancement, (1-A)*gds6 needs
to always approach and cancel g4s1 + Z4s2 + Zdsa + Easg,» Which is a very challenging task
due to two factors. First, the conductance variations of PMOS and NMOS are different at
various process corners. For example, the conductance of PMOS and NMOS change in
opposite directions when the process corner changes from TT (typical corner) to SF (NMOS
slow PMOS fast) or from TT to FS (NMOS fast PMOS slow). Second, gds6, gds2 and gds4

vary in a direction different from that of gdsl and gds8 when output voltage changes. For
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instance, as the output voltage increases, drain-source voltage of M1 and M8 increase while
drain-source voltage of M2, M4 and M6 reduces, assuming that A is larger than 1. As a result,
gdsl and gds8 decreases while gds6, gds2 and gds4 increases when output voltage increases;
but the amount of increase in gds6 is different from that in gds2 and gds4 because of
amplification A. Therefore, the generated negative conductance by this method cannot track

the changes of the positive conductance under PVT variation and output voltage swing.

T A
¢ A
Vo M5 M6

Vo gt

Figure 2.2: Yan’s conductance cancellation method

2.3.Principles of Robust Gain Enhancement via Gds Cancellation

In order to robustly enhance amplifiers’ DC gain via the conductance cancellation method,
the gds cancellation should satisfy the following three requirements.
1) Type matching: only NMOS can be used for NMOS gds cancellation and only PMOS
can be used for PMOS gds cancellation.
2) Operation matching: the critical transistors in the gds cancellation circuits should have
the same bias and operation conditions. It means they should share the same gate, source,

drain and bulk voltages and current densities.
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3) Layout matching: the critical transistors may have different multipliers but should have
the same width and length. Those transistors should have common centroid layout so as

to share the same temperature variation.

2.4.Concept of Proposed Gain Enhancement Method via Gds Cancellation

The concept of the proposed gain enhancement (GE) method is illustrated by Figure 2.3, in
which the gds of the bottom NMOS transistor in an op amp’s cascode stage will be cancelled.
As shown in Figure 2.3, the sensing and control block senses signals Vs+ and Vs- from the
cascode stage first, where the Vs+ and Vs- are functions of the bottom NMOS’s gds. With the
sensed signals, the block then generates Vi, to adjust the negative conductance, —gn, so that —
gn becomes a function of the bottom NMOS’s gds. The dependency of —gn on the bottom
NMOS’s gds makes -gn inherently track and cancel the bottom NMOS’s gds over PVT
variations. Similarly, the gds of the top PMOS transistor in the cascode stage can be robustly
cancelled via this method by implementing the PMOS counterpart of the sensing and control
block. As the NMOS and PMOS counterparts of the sensing and control block are independent,
the output impedance of the cascode stage can be independently increased. When the gds of
both top PMOS and bottom NMOS of the cascode stage are completely cancelled by the
proposed method, the op amp’s DC gain will be ideally infinite.

In regard to the implementations of the sensing and control block, two design approaches
will be introduced in the following chapter sections. The first design approach is based on a
flipped voltage attenuator (FVA). The second approach is based on a source degeneration

circuit (SDC).
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Figure 2.3: Concept of the proposed gain enhancement method via gds cancellation
2.5.A SDC-based Gain Enhancement Technique

Figure 2.4 shows a SDC-based gain enhancement circuit for an op amp. In Figure 2.4a),
transistors M3 and M6 are respectively bottom and cascode NMOS transistors in the op amp’s
cascode stage. The level shifter Ani, whose implementation is shown in Figure 2.4c), senses
transistor M3’s drain voltage (Va) and then shifts up Va to voltage Vs. The voltage Vg is
connected to the input of an SDC formed by transistors M4-M9. In the SDC, the current mirror
M7-M8 has mirror ratio of 1:1. Transistors M3, M4 and M9 have the same unit size (same
width and length) with different multipliers: m, 1, and 1, respectively. As M3, M4 and M9 are
the same type of transistors and have the same current density, Vba, Ve and Vr will be equal in
the DC operation. The gain block of -1 can be easily implemented in fully differential circuits.

The small signal circuit of SDC is displayed in Figure 2.4 b). After deriving KCL equations
(2-2), (2-3) and (2-4) at nodes Vc, Vp and Ve separately, the DC gain from Vg to Vc is

calculated as (2-5), where g, is given in (2-6) and ns iS gmbs/gms=0.15. g, is approximately

~ 8455 a5 cascode transistor M5 are usually sized with a much shorter length

8ms 8ms

+
equal to 8ds41+8dss

compared to M4. The magnitude of &, is in the order of 0.05 when a transistor’s intrinsic gain

is about 20.
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Figure 2.4: SDC-based gds cancellation a) negative gds generator b) small signal circuit of
the circuit in (a) c) low gain amplifier An

8asaVe — 8ms (VB — Vi) + 8ass (Ve — Vp) + 8mpsVe = 0 (2-2)
Vp(8m7 + 8ds7) + 8dsaVe = 0 (2-3)
8msVp + 8dssVE + 8moVE + 8asoVE = 0 (2-4)

Ve _ 8ms(8m7 + Bas7)
Ve gassBass + (Bmy + %ds7)(gds4 + 8ass + 8ms (1 + 1)) (2-5)

CEE DIEET))

— gdsS(gds7 + gm7) + gds4(gd55 + 8ds7 + gm7) ~ 0.1 (2-6)
gms(gds7 + gm7)

€1

Ao = (8ds10 + 8m10 + 8mb10)(8ds11 + 8ds12 + Bm11)
N1

 8as118ds12 + (8ds10 + 8m10) (8as11 + Basiz + Em11) (2-7)
= (1+m0)(1+g)

_ 8ds118ds128m1o T A
b (8m10 + 8mb1o)

a = (84s118ds12 + 8ds10(8ds11 + Bds12 + Em11))Emb1o

b = g4s118ds12 + (8ds10 + 8m10)(8ds11 + 8ds12 + Bm11)

E _ VeAn _ (1+110)(1+gp) _ 1
Va Vg 14+ns)(A+¢g) 1+¢g

£, = —0.01 (2-8)

(2-9)

= 0.94 (2-10)
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Ve _ (1 +1m10)(1 + €3)8ds48ms8ms

— (2-11)
VA (gdss + 8ds9 + gm9)k
k= 8ds48dss T (gds7 + gm7)(gd55 + 8dsa + 8ms + gmbs) (2'12)
E _ —(1+M10)(1 + £3) 8d4sa8ms _ —(1+ &5) 84s48ms (2-13)
Va (T+ns)(1+£4)8m78mo 8m78mo
gml
A, = — 2-14
° 8ds1 + 8ds2 + 8dsa + 8dss + (1 - A)gdSG ( )
k + + 1+ 1+¢
g, = (8ass + 8dso + 8mo) 101 &g = ( N10) ( 2) — 1~ —01 (2-15)
(gms + gmbs)gm7gm9 (1 + T]s)(l + 84)

g — _ Eg _ (1 + 55) 8ms8ds48m3 — (1 +¢ )ng 8ds48m3 8ma4 g —

NET Ty, ome Em78mo > gm7 Bds38ma Bmo (2-16)
= (1+e5)(1+g0)(1+e)(1+€5)84s3
£ = 8ms 1ie, = 8ds48m3 1, g = Sma 1 (2-17)
8m7 8ds38ma gmo
8ds128ds11(1 + N1o)
= - + ~(es+¢e,+e,+¢ 2-18
gA = 8ds3 — 8N1 e+ Basis + Basts (&s 6 7 8) ds3 ( )
F, = &a ~ e t+gt+e;, +&g (2-19)
8ds3

Of, ~ 0%, + 0F, + 02 + 02, (2-20)

In addition, the DC gain of the level shifter, Ana, is found as (2-7), where 1,4 IS gmb10/gmao.
€, IS shown in (2-8) and is in the order of -0.01 where a and b are expressed as (2-9). Therefore,
the DC gain from Va to Vc is found as (2-10), where &5 is approximately in the same order
as g;, thatis 0.05. As can be seen from (2-10), the voltage V¢ is approximately a replica voltage
of Va As M3 and M4 are transistors of the same type with the same width and length, gate,
source voltage, drain voltage and current density, gdsa/gms and gasa/gmas should have the same
variation over process, supply voltage and electrical operating point variation if not considering
mismatch effects. A Common centroid layout for M3 and M4 is recommended to maximize

the matching between guss/gms and gasa/gma Over temperature variations. Once the gain from Va
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to Vcis calculated, the DC gain from Va to Vris derived as (2-11), where Kk is displayed in (2-
12). With further simplification, equation (2-11) is simplified as (2-13), where €, and & are
given in (2-14) and (2-15) respectively. The magnitude of €, and &g are in the order of 0.1 and
-0.1. Thus, the generated negative conductance, -gnz, is derived as (2-16), where g, €, and &g,
as shown in (2-17), respectively represent the mismatch between M7 and M8, mismatch
between M3 and M4, and mismatch between M4 and M9. After combining the positive and
generated negative conductance, equation (2-18) shows the net conductance, ga, looked down
from the source of M6. As can be seen from (2-18), the generated negative conductance is an
intrinsic function of the positive conductance, ggs3, Wwhich makes this proposed DC gain

enhancement technique effective and robust over PVT variations.

The term of 8ds128ds110¥M10) 51y (9_18) can be easily designed at least 100 times smaller than

8mi11

g4s3 due to two facts. First, drain current of M12 should be designed to be much smaller than

(10 times) that of M3 and thus gqs12 can be 10 times smaller than g445. Second, the intrinsic

gain of M11 can be designed in the neighborhood of 20. Thus, the variation of £ds128ds111+110)
8m11+8ds11+8ds12

is negligible compared with the change in gass and gn: when mismatch and PVT variations are
in presence. The expected conductance reduction factor, F1, from this conductance cancellation
method can be derived as (2-19). As shown in (2-19), F1 is highly related to the matching
between those critical transistor pairs in the current mirrors such as M7 and M8, M4 and M9,
and M3 and M4. The variance of F1 can be roughly calculated as (2-20), which may not be
rigorously correct since &g, g4, €7 and g are not pairwise independent. But Equation (2-20) can
still offer insight for designing this type of negative impedance generators with source

degeneration circuits.
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2.6.A FVA-based Gain Enhancement Technique

Figure 2.5a) shows a flipped voltage attenuator (FVA)-based gain enhancement circuit via
gds cancellation. Transistors M3 and M2 are respectively the bottom NMOS and cascode
NMOS transistors in a cascode stack. The drain voltage of M3 is sensed by the low gain
amplifier Anz, the implementation of which is shown in Figure 2.5c). The output of amplifier

Anz is connected to the FVA, formed by M4~M7.

e
_ 8ds68ds7 / \
8= gd56+gds7+gm6 Bx I / V \
Ve | v P2\
| 18ms(Ve-Vc) - |, |
¢ 8ass %-&mﬂ?” ME' Vip |
Ve W
ly
gm4V|: 8ds4 I \ M I
/

Figure 2.5: FVA-based gds cancellation a) negative gds generator b) small signal circuit of
the circuit in (a) c) low gain amplifier A2

The small signal circuit of the flipped voltage attenuator is displayed in Figure 2.5b). By
writing KCL equations, as shown in (2-21), at nodes of Vr and V¢, the DC gain from Vg to V¢
is derived as (2-22), where gy iS 84s68ds7/(8dss + Eds7 + Ems) and y; is given by (2-23). y;
is about 0.04 in this process. The DC gain of the low gain amplifier, Anz, is shown in (2-24),
where y,, expressed in (2-25), is about -0.01. After knowing Anz (Ve/Va) and Vc/Ve, the DC
gain from Va to Vc can be found close to 1. This means that the voltage variation at drain of
M3 is approximately the same as that at drain of M4. Therefore, when M3 and M4 are placed

in a common centroid layout, the variations of gds3/gm3 and gds4/gm4 should track each other
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over PVT and output voltage swing variations because M3 and M4 are the same type of

transistors with identical width, length, gate, source, drain voltage, current density.

8ms(VB — V&) — 8mbs Ve + 8ass (Ve — Vi) + 84s7VE = 0

(2-21)
8as7VF t 8asaVe + EmaVr = 0
VC _ 8ms (gm4 + gx) _ 1

Yc _ = (2-22)

VB 8dsa(8asst8x) + (8ma + 8x)(8dss + 8ms + 8msp) (1 +ms)(T+yy)

gds4(gd35 + gx) + gdss(gm4 + gx)
Y1 = =1/[(1 +ns)A,s] = 0.04 (2-23)
! (gx + gm4) (gms + gmbs) [ s VS]
+gms + + +
Ay, = (8dss + 8ms + 8mbs) (8dso *+ Eds10 T 8mo) — (1419 +7,) (2-24)
8dso8ds10 T (8dss T 8ms) (8dso + 8ds10 T Emo)
8ds98ds108ms + € Ns
Y, = — = — = —0.007 -
2 d(gms + 8mbs) (1+mng) Ay (2-25)
€ = [8ds98ds10 T Bdss(8dso T ds10 T Emo)I8mbs

(2-26)

d = g4so8ds10 T (8dss + Ems) (Eds11 t Bds10 t+ &mo)

The DC gain from Va to Vk is calculated as (2-27), where h, y5 and y, are given in (2-28),
(2-29) and (2-30). The values of y; and y, are respectively close to 0.04 and -0.05. Utilizing
the expression of Ve/Va, the generated negative impedance, —gy, can be easily derived as (2-
31), where the expression of ys is (2-32), representing the transistor intrinsic gain mismatch
between M3 and M4. After combining —gy- and the positive conductance, looked down from

source of M2, the net impedance, ga, is derived as (2-33). The equation can be simplified as

8ds108dso(1+Ms)

is typically more than 100 times smaller than g4s3. AS
g8mot+8dsot8ds1o

g4s3 (Y4 + Ys) because

Y4 and ys are much smaller than 1, ga is a much smaller value than the original conductance.
The conductance reduction factor brought by the technique is derived as (2-34). As can be
seen, F2 is highly related to the matching between M3 and M4. The variance of F> can be

roughly derived as (2-35), which may not be rigorously correct since y, and ys are not
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independent. However, this still provides design insights for the FVVA-based gain enhancement
technique.

Though the analysis above provides design insights (for example, improving the matching
between M3 and M4 is meaningful) for achieving the best gain enhancement, a simulation
should be conducted to examine the gain enhancement. If ga is systematically positive in
simulation, one can increase M8 size or decrease M5 size slightly to reduce the drain voltage
of M4, which raises gasa/gms and ys. If ga is systematically negative, one should reduce M8
size or increase M5 size slightly. A design example with this technique will be discussed at

length in Section 2.8.

E _ gds48msAn2 + 8acs(Baes + 8) = — gasa(1 +Mmg)(1 +v3)
Va ~h RS T ST a1+ 5) (1 +v3) 227
__ 8asa(1 +v4)
8ma4

h= (gx + gm4) (gdS5 + 8ms T gmbs) (2'28)

+ + + gass + Ems +
s = 8ds48dss 8ds58ma4 gx(gds4 8dss 8ms gmbs) ~ 0.04 (2_29)

gm4(gm5 + gmbS)
1+ 1+ — - Ao —1/A

Ye = A+ng)A+va)  _Ms—Ms—Me/Avs—1/Avs _ o (2-30)

1+ +v3) 1+1ns+1/Ays

Veg gm38asa (1l +va)
gNn2 = ivmg = 2 2= (14 v +Ys)gass (2-31)
A 8ma
Ys = 8m38dsa/ (EmaLds3) — 1 (2-32)
€ds108dso (1 +1g)

= - = + 2-33
B = Bass ~BN2 T 8as3 (Y4 +VYs) (2-33)
F, = 8a/8ds3 = Ya + Vs (2-34)
o, = 03, + 0%, (2-35)
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2.7. The SDC-based vs. the FVA-based Gain Enhancement Technique

The discussions in Sections 2.5 and 2.6 together show that both the SDC-based and FVA-
based gain enhancement techniques via conductance cancellation obey the rules of robust gain
enhancement via conductance cancellation. In this section, the two techniques are compared.

Compared to the FVA, the SDC-based technique is more suitable for CMOS processes, in
which transistors’ threshold voltages are too low for the transistors to work in weak or strong
inversion regions with the FVA configuration. Otherwise, the FVA-based technique is
recommended due to the following advantages. First, the FVA-based technique is simpler,
more compact and more power efficient due to the involvement of fewer transistors and
branches of circuits. Second, the FVA-based technique has fewer high frequency poles in the
gain enhancement signal path. Third, the FVA-based technique is very suitable for both fully
differential and single ended op amps, whereas the SDC-based technique needs an additional
gain block of -1 for single ended op amp. The last but not least, the FVA-based technique is
more robust in response to devices’ random mismatches, simply because the variance of its
gds reduction factor, shown in equation (2-35), is smaller than the SDC-based technique in
equation (2-20).

In the following designed prototype op amps in IBM130nm CMOS process, the FVA-based
gain enhancement technique is implemented in favor of design simplicity, low power and area

consumption.
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2.8.A Current Mirror Input Op Amp with the FVA-based GE Technique

[7]
2.8.1 Operating Principles

A current mirror input op amp with the proposed FVA-based gain enhancement technique

is shown in Figure 2.6. The op amp core consists of a current mirror input stage, a cascode

stage, and a push-pull output stage. By reusing the wide swing cascode current mirrors in the

op amp core, only six transistors (M7~M9 and M22~M24) are needed for implementing the

proposed gds cancellation circuits for both NMOS and PMOS sides. Similar to the previous

DC analysis of the FVA-based technique, the equivalent conductance looked down from the

source of M13 and looked up from the source of M15 can be found as (2-36). The expressions

of §;, 8,, 85, and &, are given in (2-37) to (2-40).
ga ~ 8as11(61 + 82); 8 = 8as17(83 + 64)

1
T]7_713—717/Av7—A_V3

IR

01 1 = —0.05
1+n3+ A_v3

62 = (gmllgdSS)/(nggdsll) -1= (Avll - AVS)/AVS

1
N2z —MN1ga — lez/Av7 - m
= —0.08;

6
3 1+ +1/A014

IR

84 = (8m178ds16)/ (8m168ds17) — 1 = (Av17 — Avi6)/Avis

(2-36)

(2-37)

(2-38)

(2-39)

(2-40)
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Figure 2.6. Schematic of the designed op amps

2.8.2 Sizing Strategies for DC Gain Boost

In terms of sizing, a good start point is to set the sizes of the transistors (M7 and M22) in the
NMOS and PMOS gds cancellation circuits as small copies of the corresponding transistors in
the op amp core. For example, M7 and M22 have the same width and length as M3 and M14
but with fewer multipliers. M8~M9 and M23~M24 are just cascode current sources. With this
start point, the conductance, ga and gs should be close to zero. The second step is to simulate
the ga and gs and check if they are systematically positive or negative by typical corner
simulation. If ga is systematically above zero, one should increase the size of M7 or decrease
the size of M3 slightly to reduce the drain voltage of M5 so as to raise gdss/gms and reduce ga.
On the contrary, if gais systematically below zero, the opposite sizing strategy should be used.
The sizing strategy can be applied to find the optimal gg as well. The third step is to determine
the transistor’s mismatch via Monte Carlo simulation. For example, according to (2-35), the

mismatch between M5 and M11 and the mismatch between M16 and M17 should be within
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10% to obtain a DC gain enhancement of 20dB. The last step is to simulate the robustness of
the DC gain enhanced by the technique over PVT variations and to fine tune the transistor sizes

accordingly.

2.8.3 Stability of an Op Amp with a RHP Dominant Pole

Under PVT variations, the generated negative conductance from the proposed method can
be larger or smaller than the positive conductance to be cancelled. When the generated negative
conductance is larger than the positive conductance, the output impedance of the first stage
becomes negative and the dominant pole of the open loop op amp turns into a right half plane
[RHP] pole. To understand a RHP pole’s impact on an op amp’s stability, a generic two-Stage
op amp placed in the negative feedback shown in Figure 2.7 will be discussed. The open loop
transfer function of the two-stage op amp is given as (2-41), where GBW, P1, and P2 are
respectively the op amp’s gain bandwidth product, dominant pole, and secondary non-
dominate pole. The closed loop transfer function of the configuration in Figure 2.13, H(s), is
calculated as (2-42), where B is the feedback factor. According to (2-42), as long as f is larger
than the reciprocal of the op amp’s DC gain ( P;/GBW), the closed loop system in Figure 2.7
is stable. B is almost always larger than P; /GBW in most practical applications. Therefore, the
possible RHP dominant pole incurred by an overcompensation of the positive conductance
should not change an op amp’s stability in most of the closed loop applications anyway.

A(s) = (P,GBW)/[(s — P1)(s + P,)] (2-41)

_AG) P,GBW
" 1+AGB)B s2+ (P, —P)s+ P,(BGBW — P,)

H(s) (2-42)
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— Vout
A(s ‘
V. . (s)

Figure 2.7. A two-stage op amp with a RHP dominant pole in a negative feedback loop

2.8.4 Frequency Analysis

In order to understand the effects of the proposed conductance cancellation circuit on the
entire op amp’s frequency response, the small signal block diagram of the proposed op amp,
shown in Figure 2.8, is used for frequency analysis. Nodes (1)~(5)and (9) in Figure 2.6 are of
very low impedance. The poles associated with these nodes are close to or fractions of the
transistors’ unity current gain frequencies (fr) and are significantly larger than the unity gain
frequency (UGF) of the designed op amp. Since the frequency of interest (possible stability
and slow time constant concerns) is below the UGF, the poles associated with nodes (1)~(5)
and (9) will be neglected in the following calculations for simplicity. Similarly, the poles and
zeros close to transistors’ fr in ul(s) and u2(s) will also be neglected. The full expressions of

ul(s) and u2(s) are derived as (2-43) and (2-44), in which Zx, Px, Zy, and Py are shown in (2-

45).
C SCeq sC S
(1 TS gf:;) Bas16(1 + gill:)(l B grijlesB) Bds16 (1 + Z_x)
UI(S) ~ CgSZZ + Cg514 ch516 ~ 1 + S (2'43)
14+s————o— 1+ —— P
S 8m22 ( 8mis ) P
C sC sC S
14557) gas(1 4+ (1 - 5% guss (147
8m7 8dss 8ms Zy
uy(s) = C c c ~ = (2-44)
1+s gs7+ gs3 (1+S gsS) 1+P_
gm7 ng y
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_ Bds16 Em22 _ 8ds5 | _ Em7

y k=) Z ; —
* Cgs7“|'cgs3

Zy
Ry
Cgsl4 CgsZZ + Cgsl4 ng3

(2-45)

Figure 2.8: Small signal block diagram of the proposed op amp

In order to find the poles and zeros created by the gain enhancement method, KCL equations
at nodes (2)~(6) and (10) are written as (2-46) ~ (2-51), where gi and Ci, i € [1, 2, ...,6], are
shown in Table 2.1. To obtain design insights from the transfer function from the op amp input
to output (Vout/Vid), three assumptions are made to simplify the transfer function without losing
accuracy during the derivation. The three assumptions are:

1) The transconductance of transistors M1~M6 and M10~M21 are much larger than their
conductance.

2) C>>Cc>>C;3,Cs.

3) The current mirror ratio of M6 to M10 is 1.

—0.5Viq m18m10/8me + V2(g2 +sC3) + Vauy (s) =0 (2-46)

8m17V2 + V3(83 +5C3) + 8as15(Vz = Vo1) + 8misVz =0 (2-47)
—0.581m1Vig + V4 (84 +5Cy) + Vsuy(s) =0 (2-48)
8m10Va + V5(8s + SCs + 8as13 + 8m13) — Bas13Vor =0 (2-49)
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8as13(Vs — Vo1) + 8m13Vs ‘(" gas15(V3 )— Vo1) + 8m1sV3
Vo1 — Vout SCC (2-50)
=V,;sC
015t T TR )

(Vo1 = Vout)sCc/(1 + sRCe) + V28m188m20/8m19
= V518mz21 T Vout(gL + SCL)

8mi1 <1+ Sccgmeff ><1+ng21tRcCc> <1+pr+PY> <1+ S )

Vout . Plcc 2gm16gm21 Emeff Pxpy l:)x'i'Py

(2-51)

V-d S SCL PX+Py S
i (1 + P_1) (1 + gm21> (1+sR.C) (1 + ST%) (1 + pXpr> (2-52)

8m188m20
t= u; Smeff = 8m21t T 28m16(8m21Rc — 1)
8m198m21

8a8ds13 . 8B8ds1s
— + =22 /(g

Py = gu( m21CcC) (2-53)

m13 8m1s
With the three assumptions above, the transfer function Vou/Viq is derived as (2-52), where
P1, t, and gmesr are given in (2-53). Expressions of ga and gs are the same as the equations
shown in (2-36). Expression (2-52) shows that the high frequency poles (Px and Py) associated
with py(s) and p,(s) form two compressed pole-zero pairs at frequencies around

(PcP,)/(Px+Py) and P, +P;. Fortunately, Pxand Py are a fraction of transistor’s fT so they are

inherently high frequency poles. As long as both Px and Py are at frequencies several times
higher than the UGF of the op amp shown in Figure 2.6, the FVA-based gain enhancement

technique should not change an op amp’s high frequency response.

Table 2.1: Expression of the conductance and capacitance in the proposed op amp

01~gm6+Jds2 C1=Cgss+ Cgs10+Cqdo+Cqgas

92zgm16 CZz CgslG"' Cgsl7+ Cgsl8+ ng14+ng12
03~gds17 Cs= Cgsist Cgso2 + Cya17
04~gms+Qds1 C4~Cysst Cgs11+Cgd1+Cyds

05~gds11 Cs= Cgs13 + Cgs7+ Cyan1
gL~gds21+Jds20 Ce~ Cgsp1 + Cgd15 +Cqd13

g9~gm9 Co= Cgs20 +Cqgs19+Cqu1s
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2.8.5 Noise Analysis

The noise model of the proposed op amp is shown in Figure 2.9. The modeled voltage noise
includes flicker and thermal noise of the transistors. As the first stage of the proposed op amp
has a high gain, the input referred noise contributed from the output stage is negligible. Noise
contribution from cascode transistors will also be neglected because it is much smaller than
the noise contribution from the input pair and current sources.

Vdd

2 2
€n16 €n17

€ng M16

Figure 2.9: Noise model of the proposed op amp
Therefore, the input referred noise power of the proposed op amp is approximately

calculated as (2-54). In (2-54), the noise terms of(4gZ,10€210 + 28217621, + 2841€241) /8%
and (g2,4€2%,4 + g2,9€25) /g2, are respectively contributed from the op amp core and the gds
cancellation circuits. The noise contribution ratio of M24 to M10 can be found as (2-55), where
a is the size ratio of M24 to M10. As the size ratio of M9 to M16 is the same as that of M24
to M10, it can be found that the noise contribution ratio of M9 to M16 is also a. Therefore, the
input referred noise power of the proposed op amp can be simplified as (2-56). As « is set as
1/6 in this design, the extra noise contribution from the conductance cancellation circuit is a

very small portion of the total noise.
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2 2 2 2 2 2 2 .2 2 2
48m10€n10 T 8m24€n24 T 28m17€n17 T 8mo€no T 28m1€n1

egq,prop ~ 2 (2'54)
8m1
2 2 gZ ( 8KT + KFﬂicker )
8m24€n2a _ °™M2*\3gnos  WouliosCoxf _ 8m24 _
2 o2 8KT _ KFy; = -« (2-55)
8m10€n10 2 ( flicker )Af gm10
M10\38m10  WiolasaCoxf
2 (4 + B)ghiotaio + (2 + B)gmizen17 + 28mien1
eqprop ~ (2-56)

2
gml

2.8.6 Simulation and Measurement Results

E R R A R AR B

Figure 2.10: Layout and microphotograph of the fabricated proptotyp op amp
In the designed prototype op amp as shown in Figure 2.6, the feedback paths from the gate

of M7 to the gate of M3 and from the gate of M22 to the gate of M14 are made controllable by
a switch so as to compare the DC gain of the op amp in two conditions: one with the gds
cancellation circuit enabled (proposed) and one with the circuit disabled (conventional). The
microphotographs and layouts of the two op amps are combined and shown in Figure 2.10.
Post-layout simulation and measurement results of the two op amps are compared under
various process corners, temperatures, supply voltage, and OSW. The comparison shows the
effectiveness of the proposed method under of PVT, wide temperature and OSW variations.
The Monte Carol simulation with 200 runs confirms the proposed op amp’s ability to provide

large DC gain enhancement over random mismatch.
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2.8.6.1  Simulated Open Loop DC Gain vs. PVT Variation

DC gain vs. Process and temperature variation DC gain vs. Supply voltage

Conventional
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0. 09 fs
=13 “rges of
)
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-40  -20 0 20 40 60 80 1.3 14
Temperature (°C)
(@)

DC gain vs. Output voltage swing

15

16 17 1.8

Supply voltage (V)

(b)

[N
w
o

[N
N
o

110K8.
100

90

Open Loop DC Gain (dB)

o]
o

Conventional

~
o

02 04 06 08 1 12
Output voltage swing
()

Figure 2.11: Simulated DC gain vs. (a) P.T. variation (b) supply voltage (c) OSW

The two op amps are placed in a unity gain buffer structure without any resistive load in the

following post-layout DC gain simulation to show the open loop DC gain of the op amps.

Figure 2.11(a), (b) and (c) respectively show the dependency of the proposed and conventional

op amps’ loop DC gain over PVT variations and OSW. The dashed and solid lines respectively

correspond to the proposed and conventional op amps’ performance. Figure 2.11(a) shows that

the DC gain of the proposed and conventional op amps respectively ranges from 110.4dB to

139.8dB and from 87.2dB to 90.1dB. The gap between the solid and dashed lines represents
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the amount of DC gain boost solely brought out by the proposed technique. Across all process
corners and temperatures ranging from -40°C to 80°C, the minimum DC gain boost yielded by
the proposed technique is around 23.2dB, which is comparable to the DC gain of a transistor
in this process. This amount of DC gain boost is also consistent with the calculation in (2-34).
Figure 2.11(b) shows that the minimum amount of DC gain enhancement brought by the
proposed technique is about 21.1dB when supply voltage varies from 1.3V to 1.8V across all
process corners. Figure 2.11(c) demonstrates that under the nominal supply voltage of 1.5V
and room temperature, the proposed technique provides at least 22.5dB DC gain boost across
all process corners when output voltage varies from 0.1V to 1.3V.

Another noteworthy finding is that the DC gain enhancement brought by the proposed
technique still has potential for further improvement and such potential can be easily realized.
This is because the constraints on the current DC gain enhancement mostly originate from
variations in process corner instead of temperature, OSW or supply voltage, as can be observed
from Figure 2.11. These constraints can be reduced through a one-time trimming, which can

be implemented using either registers or one-time programmable elements (OTP).

2.8.6.2 Measured DC Gain vs. OSW

The lab setup shown in Figure 2.12(a) is used to measure the DC gain of the two op amps,
in which Vemiand Veme are set as half of the supply voltage using two voltage calibrators DVC
8500. The servo loop in Figure 2.12(a) keeps the DUT’s output equal to Vrorce by adjusting the
DUT’s inverting input accordingly. The voltage change at the DUT’s inverting input is
amplified by a resistor ratio of 1000 and then low passed to be measured by a multi-meter of
Agilent 344401A. The DC gain of the two op amps (DUT) is calculated by Ag. =

| AViorce/AVout | * 1000. The measured DC gain of the proposed and conventional op amps is
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shown in Figure 2.12b). It can be seen that more than 26.4dB DC gain is brought by the
proposed method compared with its counterpart method. In addition, this DC gain boost drops

only by 1dB over OSW of 0.1V~1.4V under a supply voltage of 1.5V.

Measured DC gain vs. Output voltage swing

Apch A-A-A
105 #‘ ‘“A
@ 100 ,‘ == Proposed x‘
T 1A == Conventional| A
£%
8’ gol- Minimum gap
a) of 26.4dB
3 :
< 3
< 7]
©
()
s

02 04 06 08 1 12 14
Output voltge swing (V)
(©)

Figure 2.12: Op amps DC gain measurement (a) schematic (b) lab setup (c) measured DC
gain vs. OSW

2.8.6.3  Simulated Open Loop DC Gain vs. Mismatch

Proposed Op Amp Conventional Op Amp Open Loop DC gain Boost by the Proposed Method

50 45

401 ]

35r
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0 0 =
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Open Loop DC Gain (dB) Open Loop DC Gain (dB) Open Loop DC Gain Boost (dB)
(@) (b) (©)

Hits

60

Figure 2.13: Op amps’ DC gain under P.Mis variation (a) proposed op amp (b)
conventional op amp (c) gain enhancement

The dependency of the DC gain enhancement on critical transistors’ mismatch has been
analyzed in Section 2.6. The Monte Carol simulation of 200 runs is used to check the
effectiveness of the method under process corner and random mismatch (P.Mis) variations.

The Monte Carol simulated DC gain of the proposed and conventional op amps is shown in
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Figure 2.13(a) and (b). The DC gain of the conventional op amp ranges from 83.49dB to
92.77dB with a mean of 89.77dB and a sigma of 1.8dB whereas the proposed op amp produces
a DC gain ranging from 104.2dB to 150.2dB with a mean of 123.9dB and a sigma of 9.19dB.
The Monte Carol simulated DC gain boost brought by the proposed conductance cancellation
method is shown in Figure 2.13(c). The mean, sigma, maximum, and minimum of the DC gain

enhancement are respectively 34.13dB, 8.3dB, 59.12dB, and 18.8dB.

2.8.6.4  Simulated AC Frequency Response

Figure 2.14 shows the AC responses of the proposed and conventional op amps when they
are placed in a unity buffer structure with a resistive and capacitive load of 20KQ and 40pF. It
can be seen that the proposed DC gain enhancement method increases the op amp’s low
frequency gain while preserving the conventional op amp’s high frequency response. This is
consistent with the frequency analysis. The simulation results show that the two op amps have
the same GBW and PM of 13.6MHz and 55.7°.

AC frequency response

150 r
______ === Proposed

@ 100 il N = Conventional
o —_— {
£
S 50 ~—

0

10° 10° 10* 10° 10°

T
=== Proposed
> 150 \ = Conventional ||
(O]
@ 100 -
< g
o ,/‘ \_—-\
)
< 50 PR N
,
o==="
10° 10° 10" 10° 10°

Frequency (Hz)

Figure 2.14: Post-layout simulated AC responses of the prop. and conv. op amps
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2.8.6.5  Measured Transient Response

The measured transient responses of the proposed and conventional op amps with a unity
gain buffer configuration are almost the same and shown in Figure 2.15. The blue curve is the
0.5V input step voltage and the red curve is the output of the proposed op amp. The rising and

falling slew rates of the two op amps are about 19.4 VV/ps and 14.38V/ps.

Amplic1) 480 OrmY P 475.50832m m:472.0m M:4800m - o 4002m n 5702k
.ﬁ._.-._._ (G2) 463 Oy po 46300007 m: 483.0m M 4863 .0m a: 00 n: 349.0
eriod(C1) 2 0ps [TH M: 2001y ag: 2164p n: 5702k
Period({C2) 2 Dps 1 3 97p  M:2001p g 4776p n: 3490
AmpliC2) 12 Or (Tl ST12.0m M:512 0m a: 00 ri 49.0
............ oo by o o by w0 o T o b w v o b w o n by v b ewasl]
Ch1 Z00rmY =0 Ch2 200rmY By M 400ns 1.25GSk B00ps Aot

é& Chl ~ 744my

Figure 2.15: Measured transient performance of the proposed op amp
2.8.6.6  Simulated Noise Performance
The input referred voltage noise densities of the proposed and conventional op amps are
shown as red and blue curves in Figure 2.16. As expected, the two op amps have almost the
same noise performance. Specifically, the integrated voltage noise of the proposed and
conventional op amps from 0.1 to 10Hz are respectively 7.847uV and 7.815uV. Among the
integrated noise from the proposed op amp, about 95.6%, 3.1% and 1.3% are respectively from

the op amp core, M9, and M24 in Figure 2.6.
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Figure 2.16: Post-layout simulated noise performance of the two op amps

2.8.6.7  Performance Summary and Comparison

Table 2.2 shows a performance comparison of the proposed and conventional op amps. Both
simulated and measured results of the two op amps demonstrate the effectiveness and
robustness of the proposed conductance cancellation method for DC gain enhancement.

Compared with previous work [3][5], this work provides a simpler, more robust, and cost-
efficient solution to enhance DC gain of an op amp. For example, the DC gain boost of the
fully differential op amp in [3] drops by 33dB with OSW between -0.24V and 0.24V under
supply voltage of 3V, while the amount of boost in this work only drops by 1dB with OSR
(output swing) between 0.1V and 1.4V under 1.5V supply. The normalized sensitivity of the

DC gain boost with respect to OSW, Sosr, can be calculated as AA.,,/OSR * The Sosr

supply-
of this work and [3] are respectively 0.5dB and 412.5dB. A detailed comparison between this
work and [3][5] is shown in Table 2.3. With all process corner variations considered, Apt_min,
Aps min, and Aposw min Separately represent the minimum DC gain enhancement under

temperatures between -40°C and 80°C, supply voltage between 1.3V and 1.8V, and OSR

between 0.1V to 1.3V. Apms_min, Apms_mean, aNd Apms_max respectively are the minimum, mean,
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and maximum DC gain enhancement of the proposed method based on Monte Carol simulation

results.

Table 2.2: Sumamry of measured performance of the two op amps

Op Amps Proposed Conv.
“DC gain (dB) 108 80
Gain bandwidth product (MHz) 8.0 8.0
Phase margin (°) 50 50.3
*Input referred noise (UVims) (0.1Hz-1Hz) 5.719 5.694
*Input referred noise (UVrms) (0.1Hz-1MHz) 16.467 16.409
Capacitive and resistive load 40pF//20kQ 40pF//20kQ
SR+/SR- (V/us) 19.38/14.38 19.30/14.30
Supply voltage (V) 1.5 1.5
Current consumption (LA) 1128 1108
Area (Um?) 14836 14432
Process technology IBM 130nm CMOS

* DC gain measurement setup in Figure 2.12 a), * postlayout simulation resut

Table 2.3: Performacne Comparison to the literature

[3] Yan [5] He This work
CMOS Process 0.5um 0.5um 0.13um
Supply voltage (V) 3 - 1.5
Current consumption (mA) 15 - 1.128
(excluding tuning circuits)
DC gain (dB) >83 >60 108
DC gain boost (dB) - - 26.4
OSW (V) -0.24~0.24 - 0.1~1.3
Drop in DC gain boost over 33 - 1
OSW (dB)
SOSW (dB/V) 68.75 - 0.77
APT _min (dB) - - 23.2
APS_min (dB) - - 21.1
APOSW_min (dB) - - 22.5
APMS_min, APMS_mean 18.8, 34.1,
and APMS max (dB) 59.1
Tuning circuits High-gain low- | 16bDAC, NA

offset comparator,

comparator MCU
Power/Area overhead (%) -- -- 1.8/2.8
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2.9.A Folded Cascode Amplifier with the FVA-based GE Technique [6]

The FVA-based gain enhancement technique is also suitable for folded cascode amplifiers
(FCAs). Figure 2.17 shows a folded cascode amplifier (FCA) design with the FVA-based gain
enhancement technique. In this work, three two-stage fully differential op amps are designed
in the IBM 130nm CMOS process. The two op amps share the same core amplifier as shown
in Figure 2.17 c), except that the first one (conventional) does not have any gain enhancement
technique, whereas the second op amp has the aforementioned FVVA-based gain enhancement
technique. In the core amplifier, transistors M3 and M4 are cascoded to the op amp’s input
pair, M1 and M2, so that the conductance looked up from the drain of M4 is much smaller than
Qds25. Thus, gases IS the main positive conductance of the NMOS side to be cancelled in order
to achieve DC gain enhancement. The second stage of the op amp is a folded mesh class-AB

output stage.

:_______________isrsTag_e__\_,(ﬁ___ L 2 stage
| Vi1 IP gds :I
L vo 5 MBI Gen. | |1 - Ga
| | = M
:V|n+ n i Vo B+ 2 Ly
i U] oy A2 e Meg]F 1) [M12 Cel2
| I
: V01+_A o1+ B | | M15 =
' Yoaivs wid I:
| Vi M10B | Cc/l2
| H[y110A ]
: | D+ i
|
: VD+¢gD || M1
| M26  M25]}— :'
I m |! \/ss

—_—_—— e e e e e e e e = === — — — — — — — — — —

Core amplifier with only one-side output

Figure 2.17: A fully differential FCA with the FVA-based techmque

€ds248mzs 1 + T]31)

~ — g +¢ 2-57
8ds258m24 1 + M23 Baszs (1 + £2) ( )

8D =~ 8ds25 (1 -
Similar to the conductance cancellation analysis in section 2.6, gp is the net conductance

looking down from the drain of transistor M25 and can be found as (2-57), in which n3; and
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1.3 are the body effect coefficient of transistors M31 and M23 respectively. The values of 13,
and n,3 are both close to 0.15 in this process. Also, g; is the transistor’s intrinsic gain
mismatch between transistors M24 and M25 and ¢, is the body effect mismatch between
transistors M23 and M3L1. g, is about 5% in this design but €, is negligibly small. Therefore,
the expected gp, is about 20 times less than guszs. The similar amount of conductance reduction
is expected from the PMOS side conductance cancellation circuit. Therefore, the expected g,

the net conductance looking up from the drain of M6, is about 20 times less than gds6.
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Figure 2.18: go1 and gs1 under P.T variation a) go1 b) gs1
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Figure 2.20: DC gain of the proposed and conventional op amp

As discussed in section 2.86, the FVA-based gain enhancement technique is mainly affected
by the process variation. The original positive conductance is gp: by looking down from M25’s
drain node and is gg1 by looking up from M6’s drain node. Figure 2.18 shows the variation of
the original positive conductance under process corner and temperature (P.T) variation. As can
be seen that go1 varies from 35uS to 110uS, whereas gg: varies from 22uS to 40uS. Compared
to ge1, the larger variation range of gp: is caused by an inherently wider spread of NMOS
transistors’ transconductance and conductance over process and temperature variations. The
net conductance by looking down from M25’s drain node and by looking up from M6’s drain
node are annotated as go and gs respectively. The simulated go and gs are shown in Figure
2.19. As can be seen, the g only varies from -9.62uS to 2.93uS and gs only changes from -
1.09uS to 2.58uS over process and temperature variations. The much smaller absolute values
of gp and gs confirms the conductance cancellation effects of the FVA-based gain
enhancement technique. The amounts of DC gain enhancement arisen from the technique are

shown in Figure 2.20. It shows that the minimum amount of the DC improvement is 28.9dB
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over process and temperature variations. This verifies the effectiveness and robustness of the
proposed FVA-based gain enhancement for folded cascode op amps. The performance
summary of the two designed op amps is shown in Table 2.4.

Without the aid of any tuning circuit, the proposed FVA-based gain enhancement technique
keeps a DC gain enhancement of over 28.9dB under temperatures between -40 and 80°C, over
27.6dB under supply voltage between 1.4V and 2V, and over 29dB under differential output
swing between -1.1V and 1.1V. The power and area overhead of the gain enhancement circuit

are respectively only 7% and 3% of those of the conventional op amp.

Table 2.4: Performance summary of the designed op amps

Op Amps Conventional Proposed
DC gain (dB) 87.4 1314
Load capacitor (pF) 20 20
GBW/ UGF (MHz) 73.1/66.51 75.5/67.53
PM (°) 53.9 53.6
SR+/SR- (V/us) 51.2/51.3 51.3/51.9
1% settling time (ns) 40.8 40.0
0.01% settling time (ns) 66 66
0.0001% settling time(ns) NA 90
Supply voltage (V) 1.5 1.5
Current (LA) 1141 1221
Estimated area (mm?) 0.0532 0.0548
Process technology IBM 130nm CMOS

2.10. Discussion

The proposed SDC-based and FVVA-base gain enhancement techniques are ultimately limited
by intrinsic gains of the critical transistors such as transistors M5, M11, M16 and M17 in
Figure 2.6. This limitation can be mitigated via replacing the critical transistors by compound
transistors or gain blocks which have much higher DC gain than a single transistor’s DC gain.

As for the design of the lower gain amplifier in both SDC-based and FVA-base gain
enhancement techniques, the amplifier’s DC gain constancy is very critical. Non-constant DC

gain of the amplifier under PVT variations will need significant design and simulation efforts
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to achieve large DC gain enhancement. This has been analyzed and discussed in detail in [5].
Fortunately, the low gain amplifier or the level shifter in the SDC-based and FVA-based gain

enhancement technique in Sections 2.5 and 2.6 have very good gain constancy.

2.11. Summary

A new gds cancellation method to robustly improve op amps’ DC gain with negligible power
and area overhead has been introduced. The method can be implemented based on the source
degeneration circuit (SDC) and the flipped voltage attenuator (FVA). Compared to the FVA-
based method, the SDC-based technique is more suitable for the CMOS processes, in which
transistors’ threshold voltages are too low for the transistors to work in weak or strong
inversion regions in the FVA configuration. Otherwise, the FVA-based technique is
recommended as this technique is more robust to devices’ random mismatch. A prototype
current mirror input op amp with the FVA-based technique is designed and fabricated in the
IBM130nm process. The measurement and simulation results of the prototype verify that the
technique effectively enhances an op amp’s DC gain (>20dB) and is very robust over process,
voltage and temperature variations. Another prototype folded cascode amplifier design with
the FVA-based technique also shows large DC gain enhancement.

The simulation and measurement results agree well with the theoretical analysis. The
effectiveness of the proposed gain enhancement method is supported by the measurement and
post-layout simulation results of two prototype op amps in presence of variations in process,
temperature, supply voltage, output voltage swing, and random mismatch. The design
simplicity, gain enhancement effectiveness, low power and area overhead, and zero

degradation on settling time performance make the proposed gain enhancement method

www.manaraa.com



38

suitable for many high precision applications such as switched-capacitor circuits and sigma-

delta converters.
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CHAPTER 3. SLEW RATE ENHANCEMENT FOR
OPERATIONAL TRANSCONDUCTANCE AMPLIFIERS

3.1.Introduction

In applications of switched-capacitor circuits and other applications with large capacitive
loads such as liquid crystal display drivers, OTAs must provide sufficient slew rate (SR) to
achieve fast settling performance. In a conventional Class-A OTA, as shown in Figure 3.1, its
SR and gain-bandwidth product (GBW) are given by (3-1). To maximize the gm/Itail
efficiency and optimize the OTA’s noise and GBW, the input pair (M1 and M2) usually work
in weak inversion regions with overdrive voltage typically around 70~80mV. Therefore, the
ratio of SR to GBW is derived as (3-2) and its value is about 0.1V.

When a sine-wave with a frequency of GBW/2x is applied at the input of the OTA in the
configuration of a noninverting unity gain buffer, the ideal output voltage of the OTA, Vout,
is given by (3-3). In order to avoid slew rate induced distortions at Vou, the OTA’s SR
(~0.1*GBW) needs to be larger than the fastest voltage change rate of Vout. The fastest change
rate happens at the zero-crossing point and is equal to is GBW*A. Therefore, if the peak-to-
peak Vout voltage is more than 0.2V at frequency of GBW/2xn, the OTA’s limited slew rate
starts to cause distortion. In order to improve the linearity of low gain OTAs, it is very
important to decouple their gain bandwidth product (GBW) and slew rate (SR), and to preserve
OTAs’ DC and small signal performance. In an effort to improve the slew rate of OTAs with
small static power consumption, several different methods have been reported in the literature
and will be reviewed in Section 3.2.

L.
Emi, gp _ ltail (3-1)

GBW = ;
Co Co
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SR C.  lan 2L
GBW ~ Bl gmi Em ot O (82

Vol;t(t) = Asin(GBW = t) (3-3)

VDD

M4l b EMS

1.l
M’% Itaii [VE LII\|/I6
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Figure 3.1: Conventional Class-A operation transconductance amplifier
3.2.Literature Review

In the literature, many different slew rate enhancement (SRE) methods [1-6] have been
proposed but they all suffer from various drawbacks. For example, some SRE methods [1] [2]
are incompatible with low supply voltage, some [3-5] degrade amplifier linearity, some [6] are
sensitive to input common mode range (ICMR), yet others [4] require complex circuits
producing large power and area overhead.

One of the widely used SRE methods for OTAs is the adaptive biasing scheme [3], as shown
in Figure 3.2. The current mirror ratios of all current mirrors in Figure 3.2 are 1:1 except the
current mirrors of M17-M20. The current mirror ratios of M17-M18 and M20-M19 are both
1:A. When a positive differential signal v;q is applied at the inputs of the OTA, 12 becomes

larger than 11, where 11 and 12 respectively denotes the drain currents of M1 and M2. The
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absolute current difference between 11 and 12 is sensed by current subtraction circuits formed
by M16-M22 and is feedback to the tail current of the OTA. Assuming both M1 and M2 work
in the weak inversion region, I; + I, = All; — ;| + 1, and I; = I, exp(Viq/nVy ) can be
obtained by writing the KCL equations at the common source node of the input pair, node X.
Thus, 11 and 12 can be found as (3-4) and (3-5), where Vr is the thermal voltage. The output
current of the OTA is the current difference between 11 and 12 and is derived as (3-6).

VDD

Melp——p——Tp1dlv3s  mabT4E ———d M5
12

T P

Vi EIMJ Mz] Vou

Figure 3.2: An OTA with the adaptive biasing circuit [3]

Ipexp(Via/nVr)

"= A D - (A— Dexp(Via/nvy) (34

I = lp (3-5)
(A+1) — (A—1Dexp(Vig/nVr)
B _ —1 + exp(Viq/nVy)

lour =1 =Tz =1p [(A + 1) + (1 — A)exp(Viq/nVy) (3-6)

For large signal operation, v;q > nVr, output peak current is obtained as (3-7). Equation (3-
7) implies the peak current Ipk is very large when A=1. But the peak current cannot be infinite
since when the drain current of the input pair becomes large, the input pair will leave the weak

inversion region and equations (3-6) and (3-7) are no longer valid. For small signal operation,
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(3-6) is applicable. The transconductance of the input pair, gm, is defined as 01,/ dV;q and
is calculated as (3-8) accordingly. As can be seen from (3-8), gm varies as differential input
signal changes when A is not equal to zero. This dependency of gm on differential signal
degrades the linearity of the OTA compared with the conventional OTA where A=0. The
reason of the loss in linearity is that the adaptive circuit does not distinguish between small
signal and large signal operations. Comparatively, the adaptive biasing circuit is always on as
long as a differential signal is applied. In an effort to improve the slew rate of an OTA while
not degrading the OTA’s linearity, the desired features of SRE circuits are discussed in the

next section.

I

p
, 0<AK1
ka = Iout|vid>>nVT = 1 - A (3-7)
unpredicted current,A > 1
21,
8m = nvy
m Y/ \
2 (1 - 2Yid — A)2 —id_ — A2 -
(1 +a)2(1 nVT)+(1 A) (1+nVT)+2(1 A2) (3-8)
Ip/nVT

~ 2 - 2AVy/nVy
3.3.Desired Features of Slew Rate Enhancement Circuits

In order to avoid linearity degradation, the proposed SRE method should be off for
small signal and DC operations. However, when an amplifier is at the onset of slewing, the
proposed SRE method should be activated to dynamically increase the SR of the amplifier.
Several desired features of a proposed SRE method are listed as below: a) simple; b) low power
and area consumption for SRE circuits; c¢) having a predefined turn on voltage for the SRE
circuit. For small signal operation, the sensed voltage is smaller than the turn on voltage.
Therefore, the SRE circuit stays off in small signal operation and avoids the aforementioned

linearity degradation.

www.manaraa.com



43

3.4.Proposed SRE Method via Excessive Transient Feedback

3.4.1 Concept of the slew rate enhancement via excessive transient feedback

The concept of the proposed SRE method is shown in Figure 3.3. First, a transient signal at
the output stage that can be a single ended or differential voltage or current signal, xs, is sensed.
Then the feedback signal, xfb, is generated to turn on/off the SRE circuit. xfb is a nonlinear
function of xs. The relationship between xfb and xs is given in (3-9), where a is a non-constant

gain factor and xn is the threshold for extracting an excessive transient signal.

Vin Input | Vo . Push-pull

Vo
Stage output driver |
CL

X X
] fx)

Nonlinear
function

Figure 3.3: Concept of the proposed SRE method

0 if x| < xp

) 3-9
axe —x0)  iflxel > % (3-9)

X = f(Xg) = {

When an amplifier is in the dc or small signal operation, that is, when |x| < x,, xfb is
zero and the SRE feedback is turned off. However, when the amplifier’s output stage is at the
onset of slewing, xfb, the product of o and the excessive transient signal, |Xs| — x,, Will be
generated to turn on the SRE feedback. In order to ensure zero impact on the amplifier’s small

signal operation and an effective SR boost, xn and a should be set properly.

3.4.2 Selections of sensing and driving nodes for a SRE circuit
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Figure 3.4: Different types of SRE methods
The selections of sensing and driving nodes or branches for a SRE circuit are very important.

As shown in Figure 3.4, the selections of driving nodes or branches for a SRE circuit can be a)
a tail current source b) an output node c) both a tail current source and output node. The benefit
of boosting tail current is that large signal slew rates and gain bandwidth production of the
OTA can be increased simultaneously. This maximizes the OTA’s large signal operation
speed. But this method of boosting tail current to improve slew rate requires that all the circuits
in the OTA’s large signal path have sufficient dynamic range to respond to a very large tail
current without suffering from any long recovery time after slewing phase. This is usually more
difficult to accomplish when the large signal path is long or involves many devices. By
boosting the current directly to the OTA’s output node, the requirement of the OTA’s dynamic
range can be mitigated because the small and large signal operation paths of the OTA are
separate. The core of OTA can be optimized for small signal performance, while the SRE
circuit can be designed for large signal performance improvement. But boosting transient
current directly to the OTA’s output node increases the SRE circuit’ design complexity and

requires additional large transistors in place to conduct the dramatically increased transient
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current. This may significantly increase the OTA’s area. In general, boosting tail current of an
OTA is preferred if the OTA has a large dynamic range for design simplicity and compactness.
Otherwise, boosting transient current to the output node is recommended.

For selections of circuit nodes or branches for slewing detection, the nodes or branches with
the least delay from the OTA’s output are generally preferred since SRE’s turn-on and turn-
off delays ultimately limit the effectiveness and robustness of a SRE circuit. In the example
OTA in Figure 3.4, compared to the gates of transistors M3 and M4, the gates of transistors
M1 and M2 are faster sensing nodes. Similarly, the gates of transistors M3 and M4 are faster
than the gate of M7 in terms of slewing detection. However, sensing the fasting nodes is not
always very straightforward. In the example OTA, the input nodes are the fastest nodes but
still have a very wide input common mode range (ICMR). Therefore, the SRE circuit, sensing
the input nodes, needs to be configured to accommodate this ICMR, which adds to the design
complexity of the circuit. Because of this, one needs to make tradeoffs between design

complexity of SRE circuit and delays of sensing nodes.

3.5.Design Example with the Proposed SRE Technique

Based on the discussed SRE concept via excessive transient feedback, we present an OTA
design with a simple SRE circuit as shown in Figure 3.5. The OTA consists of an OTA core
and a proposed SRE circuit. The SRE is implemented to boost the OTA’s tail current in this
design because the OTA has a very wide dynamic range. Transistor M19 is designed to provide
transient tail current. M19 is normally off in the quiescent or small signal operation to preserve
the OTA’s small signal operation and linearity. However, when the OTA is about to slew, M19
will be turned on heavily to provide a large dynamic tail current to effectively boost the OTA’s

SR and improve its large signal linearity.
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Figure 3.5: Designed one-stage OTA with the proposed SRE method
As to slewing detection nodes, the OTA’s internal nodes, A and C, are selected because they

provide the optimal tradeoff between design complexity and speed of the sensing nodes. The
voltages of nodes A and C, Va and Vc, share the same common mode voltage, Vs, but have
opposite differential voltage. Transistors M14-M16 have the same size, whereas M18 and M17
have a size ratio of n. In this work, n>2 is chosen so as to make sure that in the quiescent
operation M15 and M16 work in the saturation region and M18 works in the triode region. As
M18 works in the triode region, its drain source voltage, Vpsis, and gate source voltage of
M19, Vasie, are very small. As a result, the drain current of M19 is zero in the quiescent
operation. Therefore, the OTA’s DC operation is untouched by the proposed SRE circuit. In
the quiescent operation, the KCL equation at the node of M19°s gate is calculated as (3-10), in
which Big and P17 are respectively p,CoxWig/L1g and p,CoxWi7/L17. Vosis is M18’s drain
source voltage and Vod1s is M18’s overdrive voltage. After solving (3-10), Vpsis is found as
(3-11). To ensure that M19 works in the cutoff region in the quiescent operation, Vpsis should

be less than the threshold voltage of M19.
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B1s (Vod18 - %VD518) Vbsig = 2 * % * B17V§d1s (3-10)
Vpsis = (1 =1 =2/ )Voqis (3-11)

Upon application of a differential signal, v;q4, to the input of the OTA, the differential current
of the input pair is annotated as lq. As devices R12, M3 and M4 form a local common mode
feedback (LCMFB). This LCMFB sets node B as a virtual ground and makes the voltage
changes at nodes A and C complementary. In the presence of lq, the voltages of Va and V¢
become respectively Vs+AV and Vg-AV, where |AV|=0.5*1¢*R1,2. When |AV| < V,q414, both
M15 and M16 stay on. When |AV| > V414, either only M15 or only M16 is on. According to
the square law model, the total drain current of M15 and M16 is found as (3-12). From (3-12),
it can be found that I,5 + I;, monotonically increases as |AV| increases. Therefore, the gate
voltage of M19, V¢, monotonically decreases as |[AV]| increases. The voltage gain from |AV]
to Ve is very high when M18 works in the saturation region, and M15-M16 work in either the
saturation region or the cutoff region. In this operation scenario, any voltage increases of |AV]
will dramatically reduce V. and hence turn on M19 due to the high voltage gain from |[AV| to
V. Therefore, we define |[AV| and Ig, ensuring that M18 work in the saturation region as the
turn-on voltage (AV,,) and turn-on current of the SRE circuit (laon). When the SRE circuit is
on, M15-M16 can work in either the saturation region or the cutoff region. According to the
definitions of AV,,, (3-13) is found by writing KCL equation at transistor M18’s drain node,
where n is the size ratio of transistor M18 to transistor M17. Equation (3-13) depends on the
relationship between AV,, and Vogis. If AV, < Vyq14, transistor M15, M16 and M18 all work
in the saturation region at the turn-on boundary of the SRE circuit. If AV,,, > V414, at the turn-
on boundary of the SRE circuit, M15 and M16 respectively work in the cutoff and saturation

regions or vice versa, and M18 works in the saturation region. Therefore, AV,, can be
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calculated as (3-14). As can be seen, AV, is equal to V,444 if n=4. If n is smaller than 4, the
first equation in (3-14) is valid; Otherwise the second is valid. For large signal operation, |AV|
is very large, making M15 or M16 work in the deep triode region and Vi approximate Vss.
Thus, M19 is turned on heavily and a large transient tail current is provided to the OTA to

effectively boost its SR.

B1s[Veqra + AVZ] |AV] < Vod14
115 + 116 == 1 (3'12)
EBlS[(VodM + AV)?]  |AV]| > Voq14
2 2 n 2 .
B15[Vod14 + AVon] = EBISVodlél- if AVon < Vodia
(3-13)

1 n )
EBlS[(VodM» + AVyp)?] = EB1SV§d14 if AVyn > Vodia

n .
AV, = \/;Vodlzl if AVon < Voa14 (3-14)
AV()n — (\/H —_ 1)V0d14 lf AVon > V0d14'

In short, the proposed SRE method has a predefined turn on voltage, AVon, With zero impact
on an amplifier’s DC operating point or small signal performance or linearity. Meanwhile, it
can provide a very large dynamic current to effectively enhance an amplifier’s SR when the

amplifier slews, thus improving the amplifier’s large signal linearity.

3.5.1 Small signal analysis

As discussed earlier, the LCMFB, formed by devices Ri2, M3 and M4, sets node B as a
virtual ground. As a result, the effects of Cgs3 and Cgs4 on nodes A and C are eliminated.
Compared to an OTA without the LCFMB, the poles associated with nodes A and C, calculated
as (3-15), tend to be at a higher frequency, where Ra=R12//rd4s34llras1,2 and Ca is the total
parasitic capacitor at node A. Since transistors M3~M6 have the same size, the gain bandwidth

product (GBW) of the OTA can be obtained as (3-16), where gm1, gms,s are transconductance
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of M1, M5-M6 and Cy is the load capacitor. Therefore, the phase margin (PM) of the OTA is
approximately found as (3-17). In order to ensure that Pa imposes little phase degradation on
the OTA, Rz should be small. In this work, the value of Ry is close to 1/gms 4, Where gms 4 is

the small-signal transconductance of M3 and M4.

1
P, = -1
AT 2mR,ACy (3-15)
gmlRAng 6
BBW = 2L _A°m>o -
7nC, (3-16)
C R%
PM ~ 90 — tan~1 ~ABm18ms.67A (3-17)

CL
3.5.2 Large signal analysis

In the presence of a differential current in the input pair, lq, the current flow in R1 can be
found as 1¢/2 while Vaand V¢ correspondingly become Ve+R1la/2 and Ve-R1l4/2. The currents
in M5 and M6 in the output stage are obtained as (3-18). Since M7 and M8 have the same size,
the current flow in Cy is equal to the current difference between Isand ls as given by (3-19), in
which V43 is proportional to the square root of I1+I2. This means that a boosted transient tail
current always enhances the OTA’s SR no matter whether the transient current in M1 and M2
is differential-mode current or common-mode current. Also, a large Ri2 in the LCMFB is
helpful for SRE but reduces phase margin and stability of the OTA as shown in (3-17).
Fortunately, the workings of the proposed SRE method does not require large resistors to

achieve large SRE and hence the method satisfies the stability requirement.

1 Rizla \* 1 Ryzla \*
I[s = 583 <V0d3 + 2 ) e = 533 <V0d3 - 2 > (3'18)
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B3 VoasRi 214 if Iy < 2Voq3/R12
=11 Riallal\* (3-19)
> B3 (Vod3 + > ) if Iq > 2V4q3/Ry 2
2 * AVon 2Vod14 BVod3gm3 4 Bltail Q
I = = = = 4 -2
don Ry, 4R, 2a 2a (3-20)

In this design, the size ratio between M17 and M18 is n=2.125. To guarantee this ratio after
fabrication, some sophisticated layout techniques or simple trimming circuits may need to be
implemented. After plugging n into (3-14), the turn-on voltage, AV,,, of the SRE circuit is
found as 0.25Vod14. Assuming that R1 2 is a/gms 4 and Vodi4 is equal to BVods, the obtained turn
on differential current lq,0n is given by (3-20), where luil g is the quiescent drain current in MO.
Equation (3-20) implies that as long as /2a is less than 1, the SRE circuit will be turned on
when the OTA starts to slew. In this design, f=1 and a=1. After the OTA completes slewing

and enters the small signal settling, Is becomes less than lq,0n. This turns off the SRE circuit.

3.6.Simulation Results

To show the effectiveness of the proposed SRE method, three one-stage single-ended OTAS
are designed in the IBM 130nm process. The first OTA (conventional) and the second
(proposed) share the same core amplifier as shown in Figure 3.5; but the conventional OTA
does not have any SRE circuit whereas the proposed OTA has the proposed SRE circuit. The
third OTA (adaptive) has an adaptive SRE circuit [3]. The three designed OTAs have almost
the same unity gain frequency (UGF) of 7.3MHz and phase margin (PM) of 88° under the
same capacitive load of 20pF. Small signal step responses of the three OTAs are shown in
Figure 3.6. Unlike the adaptive method, the OTA with the proposed SRE circuit preserves the

small signal step responses of the conventional OTA.

www.manaraa.com



0.56

51

Small signal settling

0.55

Output voltage (V)

0.51

0.54F

0.53r

0.52f

== Proposed
Adaptive
=== Conventional

0.5

100
Time (ns)

50

150

200

Figure 3.6: Small signal transient response of the three designed OTAs

Large signal settling

Transient current

09 — 1 1200 g ; :
A ] — Proposed
Y = Proposed Adapt
0.8 Adaptive 1000 aptive
— AN . Z === Conventional
=07 \ === Conventional rd
o \ 7 = 800
F o6} \ A 3
] \ S S 600
= 0.5 \ [ 4 E
=3 \ ; 3
S 0.4 . z 400
(@] \\ ¢
0.3 % 7 ' 200
"~ ] J
0.2} ~."-ul' 1 0 - L 1 1 r— |
0 50 100 150 200 0 50 100 150 200
Time (ns) Tlmg (ns)

(a)

Figure 3.7: Step responses of the three OTAs (a) output voltages (b) tail currents

Upon application of 0.8V voltage step to the input of the OTA in the unity gain buffer

configuration, the transient responses of the three OTAs are shown in Figure 3.7(a). As shown

in Figure 3.7(a), the proposed SRE method improves the average slew rate of the conventional

OTA by a factor of 2320% under power and area overhead of only 2% and 1.2%. Compared

with the adaptive method [3], the proposed SRE method enhances the slew rate by more than

300% but with power and area overhead decreased by 11.1% and 25%. In the slewing phases,

the corresponding transient tail currents of the three OTAs are displayed in Figure 3.7(b). The

peak transient tail currents of the proposed OTA are 1158uA in the negative slewing phase and
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871.6UA in the positive slewing phase, which are respectively about 4 and 2.4 times of the
adaptive OTA, and 14.5 and 13.4 times of the conventional OTA. In addition, the linearity of
the three OTAs is simulated with a 1IMHz, 0.6V peak-to-peak voltage sine wave. The total
harmonic distortion (THD) of the proposed OTA is respectively improved by 18dB and 6dB
compared with the adaptive and conventional OTAs. The performance of the three designed

OTAs is summarized and compared in Table 3.1.

Table 3.1: Performance summary of the three designed OTAs

Parameter Conventional Adaptive [3] Proposed
Load Capacitor (pF) 20 20 20

DC Gain (dB) 24.9 24.86 24.9
UGF(MH?z) 7.33 7.58 7.33

PM (deg) 88.7 89 88.7
SR+/SR - (V/us) 8/5.6 61.8/34.8 138/178.4
THD (dBc) @ Vpp=0.6V, fir=1MHz | -56.7 -44.7 -62.7
Estimated Area (Um?) 8,214 11,065 8,310
Current consumption (LA) 252.9 290.2 258
Supply Voltage (V) 1.5 1.5 1.5
Technology IBM 0.13um CMOS

3.7.Summary

A simple yet very effective SRE method has been introduced. Compared with the
conventional OTA, the proposed OTA preserves small signal performance and improves SR
by a factor of 2320% and THD by 6dB, but the power and area overhead is only 2% and 1.2%
of those of the conventional OTA. Compared with the adaptive OTA, the SR and THD of the
proposed OTA are respectively improved by 300% and by 18dB. Due to the little power
consumption, small area overhead, design simplicity and high effectiveness of the proposed
SRE method, the method is suitable for applications which need to provide large capacitive

driving capability with low static power dissipation.
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CHAPTER 4. POWER EFFICIENCY ENHANCEMENT FOR
OP AMPS DRIVING LARGE CAPACITIVE LOADS

4.1. Introduction

In modern high-resolution thin-film-transistor liquid-crystal display (TFT-LCD) displays,
gamma correction must be performed to correct nonlinearities in the glass transmission
characteristics of the LCD panel [1]. The typical LCD source driver for 64 bits of grayscale
uses internal digital-to-analog converters (DACS) to convert the 6-bit data into analog voltages.
These generated analog voltages are buffered by gamma buffers to drive large capacitor load
in the range of 10nF to 100nF, which is used to provide the glitch energy during DAC
conversions [2]. For these gamma buffers, the output voltage swing should be large and the
DC gain should be more than 66dB for 10-bit resolution [3]. Other very important circuit
parameters for these op amps are gain-bandwidth product (GBW), slew rate (SR), power

consumption, and circuit area.

4.2.Literature Review

4.2.1 General review

Multistage op amps are predominant approaches for gamma buffers in LCD applications
because of their superior gain/speed-to-power ratios [4]-[8]. But all these multistage-amplifiers
need complicated frequency compensations which significantly increase design complexity.
Recently, single-stage amplifiers used as gamma buffers are becoming popular in LCD display
applications. [3][9] are single stage amplifier designs for these applications and have reported
favorable GBW and SR performance over multistage-amplifier counterparts [4]-[8]. The

methods in [3] and [9] are reviewed in the next section
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4.2.2 State-of-the-art methods

4.2.2.1  Nested Current Mirror Approach [3]

Figure 4.1 shows a basic cell working as the preamplifier (preamp) of the nested current
mirror (NCM) amplifier [3]. In [3], multiple of the preamps are cascaded to improve the
amplifier’s GBW. Each preamp consists of a PMOS and a NMOS input pair. The PMOS input
pair is always tied to the input signals (V1i and V2i) of the whole NCM amplifier, whereas the
NMOS input pair is tied to the outputs from the prior preamp stage (V4i and V6i). The outputs
of the current preamp stage are denoted as V3i and V5i. As the poles associated with the
preamp stages are at much higher frequencies than the entire amplifier’s GBW, cascading

multiple preamp stages enhances the entire amplifier’s GBW and gain.

2(K+1)lu

V1i Avth1 Avth2 Vi
»-Od 2] p-O-a
V3i V5i
. Avth4 Avth3 | |AvthS AVthGVG'
UWO[me w3 [Ws  we] FO—"

Ki 1

Figure 4.1: Basic cell used in the nest current mirror based single stage op amp

Av3 = (Avth2 — Avth1l + Av2 — Avl) = (k+ 1) — Avth3 — k

* (Av4 + Avth4) (4-1)

Av5 = —(Avth2 — Avth1 + Av2 — Avl) * (k+ 1) — Avth5 — k
* (Av4 + Avth6)

However, when cascading multiple preamp stages, the random offset voltages from all the

(4-2)

preceding preamp stages are also amplified. This can be illustrated by looking at how the offset
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errors at the gates of the transistors M1 and M4 are amplified to preamp’s outputs. Using the
small-signal analysis technique at DC frequency, the random offset voltages at gates of M3
and M5 can be easily derived as (4-1) and (4-2), where AVi and AVthi are respectively the
total voltage error and threshold voltage error of transistor Mi and i=1, 2...,6. K is the size ratio
of M4 to M3. Equations (4-1) and (4-2) clearly show that any voltage errors at the NMOS input
pair (M4 and M6), including their threshold voltage errors and voltage errors from preceding
preamp stages, are amplified by k times to the output (the gates of M3 and M5). Similarly, the
voltage errors at the PMOS input pair are amplified by k+1 times. Because of the voltage error
amplification, the quiescent current in transistors M3 and M5 can deviate far from their
nominal current. The voltage errors can be divided into differential-mode and common-mode
voltage errors. The differential-mode errors at the inputs of the NMOS pair can be partially
corrected as the offset voltage of the NCM amplifier in a closed loop configuration, whereas
the common-mode voltage errors directly affect the quiescent currents of the preamp’s output
stages and the succeeding circuits. Due to the uncontrolled common-mode errors in [3], the
quiescent currents of M3 and M5 can even become zero when more than three preamp stages
are cascaded. The absence of well-defined quiescent currents of the NCM amplifier severely

limits its robustness, yield and thus practical applicability.

4.2.2.2  Signal-Current Enhancer Approach [9]

The basic preamp circuit of another state-of-the-art op amp design [9] for driving large
capacitive loads is shown in Figure 4.2. The preamp provides gain from its differential current
input to its differential current output. The input current consists of a common-mode DC bias
current, Ig and a differential-mode signal current, Is. Ideally, the differential signal current gain

from the input to the output is (2K+1) with the transistors MP1~MP3’s aspect ratio being 1:
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K+1: K. By cascading n preamp stages, ideally the current gain is (2K+1)N and the circuit’s
GBW is improved by (2K+1)N. However, this approach suffers from severe tradeoffs among
quiescent supply current constancy, power supply rejection, small-signal performance and

large-signal performance. The tradeoffs are discussed below.

\DD 1 K+1 K 1
MP1 MP4
lg+l
Iin+ S
-4— n3 ls-(2K+1)ls
a 4 lg+(2K+1)ls
| Ig-ls
MN1 N4
VSS

Figure 4.2: Basic cell used in [9]
Due to channel length modulation effects, the currents flowing out from nodes n3 and n4,

are calculated as (4-3) and (4-4), in which Ap and Ay are the channel length modulation
coefficients of PMOS and NMOS transistors. For simplicity, we assume Ap = Ay and the gate
source voltages of the same type of transistors are the same, as expressed in (4-5). Therefore,
the common-mode and differential-mode currents of In3 and In4 are expressed as (4-6) and (4-
7). As can be seen in (4-6), the current errors due to channel length modulation are amplified
by (K+1) times for a single preamp stage. The amplifier in [9] has five of the preamp stages in
cascade, and thus the errors in the common-mode current are amplified by a factor of (K+1)°
The value of (K+1)°is as high as 1024. After plugging An=0.15, Vop=1.8V, Vasmps=~0.55V,
Vesmn1~0.45V in this 180nm CMOS process, the common-mode current error is found as high
as 123*Ig after cascading five of the preamp stages, which is significantly higher than the

desired bias current, Is. The actual current error should be slightly smaller than the calculated
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123*Ig because Vesmps and Vesmnz also slightly increase when the bias current increases.
Nevertheless, there is still a huge amplification factor for the current error. Consequently, the

op amp in [9] is extremely sensitive to its supply voltage.

1+ AN(Vbp — Vgsmpa) . 1+ ApVis mpa
—K(g +iy)) m—————
(1 + AyVesmn1) 1+ ApVismp1 (4-3)

~ (K+ DI —ig)[1 + An(Vpp — Vasmps — Vasmn1)] — K + is)
+ Ap (Vop — Vismna) — Ky —i.) 1+ ANVgs mna

1+ Ap Vs mp1 By AnVes MmNt (4-4)
~ (K+ 1D (Ig +ig)[1+ 2Ap(Vpp — Vasmpa — Vesmni)] — K(Ig — i)

I3 =K+ DI — i)

1
In4 = (K + 1)(IB + is)

Vesmna = Vesmnt Vasmpa = Vasmpr, Ap = Ay & L (4-5)
[ + 14
Inem = % =Ig+ (K+ 1)Ig * AN(Vpp — Vesmps — Vesmn1) (4-6)
Ine — Ins . )
lham = % = (2K + 1)ig + (K+ 1is * AN(Vpp — Vasmpa — VesMn1) (4-7)

In order to mitigate the quiescent current variation of [9] caused by its high sensitivity to
supply voltage, either a fixed supply voltage source equal to Vs mn1 + Vgs,mp1 OF transistors
with long lengths are needed. In [9], the op amp is designed in a 130nm CMOS process and is
powered by a 0.7V supply voltage. However, this actually leads to the demand of a
sophisticated LDO design to provide a constant 0.7V voltage. This not only significantly
increases the design complexity and area consumption but also degrades the maximum
achievable slew rate (SR) of the op amp because the maximum SR is approximately
proportional to the square of supply voltage. On the other hand, increasing the transistors’
channel lengths would severely compromise an op amp’s speed. The pole frequencies
associated with gates of MP1 and MNL1 in Figure 4.2 are found as frp/(2K+1) and frn/(2K+1)
respectively, where frp and frn are unity current gain frequencies of MP1 and MN1. A

transistor’s unity current gain frequency decreases as its channel length increases with a
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relationship shown in (4-8). As transistors’ length changes, fT changes faster than the channel
length modulation coefficient, A, which is proportional to 1/L. Therefore, to reduce A by 10
times through increasing the transistor’s length by 10 times, fr will drop by about 31.6 times.

Consequently, this severely degrades the preamp’s speed.

2ul
fr = %‘“ - /# (4-8)

In addition, the small-signal performance such as GBW of [9] compromises its large-signal
performance such as slew rate. In the slewing phases, the large transient current to the output
is the amplified current of the input pair’s differential current. Therefore, all the transistors in
the op amp in [9] need to carry large transient currents so that the op amp’s output transient
current can be sufficient to charge or discharge the load capacitor. There are mainly two
disadvantages of passing large current through multiple stages. First, in order to pass large
transient current to output stage, the W/L ratios of the all the transistors should be large. For a
given bias current and length of a transistor, a larger transistor width results in a smaller ft as
shown by (4-8). This leads to lower frequency of the non-dominant poles in the preamp, which
ultimately limits the GBW of the entire op amp. Second, the transient current efficiency of the
op amp is low. Ideally, in the slewing phases, we want all the generated large transient current
to flow only into the load capacitor so minimal transient current is wasted at any intermediate
stages in the op amp. But all the preamp stages in [9] waste a considerable portion of the large
transient current passed to the load capacitor.

Last but not least, some bias currents of the preamp stage shown Figure 4.2 are wasted such
as the drain currents of load transistors MN1, MN4, MP1 and MP4. Ideally, we want to have
zero current wasted in any of the load devices so as to maximize the transconductance and

GBW of the preamp for a given supply current.
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4.3.Desired Features of Op Amp for Driving Large Capacitive Loads
In an effort to solve the problems that [3] [9] have, a desired op amp design for driving large
capacitive loads should meet following requirements:
a) Possesses a well-defined quiescent current for each branch of circuits
b) Decouples small-signal and large-signal operations
c) Has robust performance under random mismatch variations
d) Eliminates current wasted in the preamp’s load circuits
4.4.Concept of the Proposed Power-Efficient Op Amp Design for Driving
Large Capacitive Loads

Design for small signal performance enhancement

—

Input Pair  Input stage load Low voltage gain stages Output Stage
Vin V-1 » -V > V-V | seeees VoV .| Class AB V-I Vo
1" 1 g d driver T
C

Design for large signal performance enhancement

1

Nonlinear
function

Figure 4.3: Proposed power-efficient op amp design for driving large capacitive loads

0 if [xs| < xp
O((lxsl - Xn) if |Xs| > Xn

X = Gx5) = | (+-9)

The conceptual power-efficient op amp design for driving large capacitive loads is shown in
Figure 4.3. Unlike [3][9], this op amp design decouples its small- and large-signal paths. The
small-signal enhancement path, as shown by the blue arrow, consists of two voltage-to-current
converters (V-1), one current-to-voltage converter (I-V) and multiple voltage-to-voltage

converters (V-V). All the converters except the output stage class AB V-I converter work as
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the preamp stages of the op amp and the preamp stages do not need to carry a large transient
current in the slewing phases. As a result, unlike [3][9], the demand of large transistor sizes in
the preamp stages due to the impact of large-signal operation is eliminated. Therefore, all the
preamp stages in this work can be mainly designed for small-signal performance improvement.
In addition, the quiescent current of all the circuits in the op amp is well defined. Furthermore,
the design of V-V stages, generating the largest amount of gain and small-signal improvement,
wastes zero current in the V-V stages’ load circuits. This increases the power efficiency of the
preamp and the entire op amp compared with [3][9].

As for the large-signal performance enhancement path, shown by the red arrow, it senses
internal nodes of the input V-1 and detects if the op amp is in the slewing phase. The large-
signal enhancement circuit is a nonlinear function of the sensed signal. The nonlinear function
is similar to the function of the introduced slew rate enhancement (SRE) circuit in Chapter 3
and is repeated as (4-9), where x and x,, are respectively the sensed signal and the threshold
voltage or current for the sensed signal to activate the SRE circuit. In addition, X, is the control
signal to activate the SRE circuit when x>0 or to deactivate the SRE circuit when x»=0. When
the op amp is in the dc or small-signal operation, that is, when |x¢| < x,,, X becomes zero,
deactivating the SRE circuit. When the op amp’s input stage is at the onset of slewing, X, the
product of a and the excessive transient signal, |x| — x,,, will be generated to turn on the SRE
circuit so as to increase the tail current of the last preamp stage. Due to the existence of both
large input signals and increased tail current at the last preamp stage, the preamp stage
generates large differential output voltages. As a result, the output class AB V-I driver

generates a large transient current to the load capacitor to boost the op amp’s slew rate.
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In summary, the benefits of the proposed power-efficient op amp design are shown as

below.

1) The small-signal and large-signal paths for performance enhancement are decoupled.
This eliminates the aforementioned trade-offs between GBW and the capability to
convey large transient current. In addition, this improves transient current efficiency of
op amps during the slewing phase since only the output stage conducts large current to
charge/discharge load capacitor.

2) All the used circuits have well-defined quiescent current. This eliminates the
aforementioned trade-offs between GBW and quiescent current variations of op amps.

3) Zero bias current is wasted in the V-V preamp design. This increases the power

efficiency of the V-V preamp stage and the entire op amp.

4.5.Design Example
In this section, we will demonstrate a power-efficient op amp design driving a large
capacitive load, i.e.15nF, with the proposed preamp stage. The power efficient design strategy

for the op amp will be discussed.

4.5.1 Design of the V-V preamp stage

The schematic of the V-V preamp stage is shown in Figure 4.4. The inputs and outputs of
the preamp are V1+/V1- and V2+/V2- respectively. The preamp has a well-defined quiescent
current because the transistor M6 has a fixed bias current. All the bias currents are used to
generate transconductance of both NMOS and PMOS transistors, i.e. M1 and M3. Zero current

is wasted in the preamp’s load circuits, which are the two resistors, R. These two resistors also
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form a local common-mode feedback loop to define the preamp’s output common-mode

V1
B—d[ v
M1 M2

V2. R R V2+

voltage.

V1+ V1-

M3

M5 ! Fv2,cm

Figure 4.4: Schematic of the designed V-V preamp stage

451.1 Large-signal Analysis of the Preamp Stage

\
[ ve
mM10] e [M10C
Vi+ M M2 ID\LI
V2., | R R_Jv& vouT
M3 M4,
\/ cL
V2+ V2-
M5 v2,cm —||E|9 - MQCT

Figure 4.5: a) Positive slewing phase of the last preamp stage b) op amp output stage

Voyr — Voo
Vaam = =5 = Iait * R (4-10)
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Figure 4.5 shows the designed op amp’s class AB output stage and its preceding preamp
stage. As shown in Figure 4.5(a), transistors M3-M5 and the two resistors R form a local
common-mode feedback loop in the quiescent or small-signal operation. In the quiescent
operation, M5 is biased in the saturation region to define the preamp’s common-mode output
voltage, V2,cm, Which then defines the quiescent current of the op amp’s class AB output stage
shown in Figure 4.5(b). When the preamp’s input differential voltage, V1,dm =0.5*(V1+ - V1.),
is larger than 0.7*Vq1, the preamp is in a positive slewing phase. In this phase, the preamp’s
differential-mode output voltage, V24m, is calculated as (4-10), and its V2,cm depends on both
V2,4m and the operation regions of M3 and M5. V2,4m and Vo,cm are analyzed as follows.

a) In the positive slewing phase, V1+ and V1 respectively increases and decreases by at least
(v/2 — 1)*V,ai from their quiescent voltages, where Vi is the quiescent overdrive voltage
of transistor M, i=1,2,...4. The values of the transistors’ Vogi are close to each other. If
V2,4m is 50 small that M3 and M5 work in the saturation region in the slewing phase, V2,cm
can be found as (4-11), in which I is the drain current of M6 and Vs is M5’s threshold
voltage. In addition, u, Cox, Wi and L are respectively transistor Mi’s mobility, gate oxide
capacitance, width and length. As M3 and M5 work in the saturation region, V>. is larger
than V2V, 43 + V,qs as expressed by (4-12). After solving (4-12), the expression Iy * R <
Vins — V2V, 43 is found. Then based on (4-13), V- is found to be smaller than V, 45 +
2Vis — V2V, 43. Therefore, in the positive slewing phase, V2« is smaller than the supply
voltage by at least 4.4*V,q, because the supply voltage is higher than V45 + Vo6 + Voaq1 +
Voaz + Vin1 + Ving, Which is approximately 4*Vog+2*V. This concludes that V2 is not

maximized if M3 and M5 still work in the saturation region in the slewing phase.
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V2_+_ + VZ— 2 * Itall * L5
Voem = > = 1Co W + Vihs = Vodas + Vins (4-11)

Voe = Voem = Vaam = Vods + Vins — lait * R > V2Voas + Vous (4-12)

Var = Vaem + Vaam = Vods + Vins + ltail * R < Vods + 2Vins — V2Voas (4-13)
b) In the positive slewing phase, if V24m is large enough to make M3 and M5 work in the
triode and saturation region respectively, the common-mode output voltage is still
calculated as (4-11) because M5 still works in the saturation region. The drain source
voltage of M5, Vs, is given by (4-14), where Ronz is the on resistance of transistor M3
working in the triode region. In order to keep M5 working in saturation region, Vgss needs
to be larger than Vogs. Thus, it is found that Vins>lti* (R+Ron3). The expression of V2., given
as (4-15), is derived from the fact that the total drain source voltage of M3 and M5 is
smaller than the sum of their overdrive voltage in the slewing phase because M3 works in
the triode region. Equation (4-16) about V.. can be easily derived after plugging
Vins>lwil*(R+Rons). V2 is smaller than the supply voltage, around 4*Vog+2*Vi, by at least

3*Vod. Therefore, in this scenario, V2« is still not maximized in the positive slewing phase.

Vass = Vods + Vihs — ltail * (R + Ronz) > Vos (4-14)
Voo = Vaem = Vaam = Voas + Vens — lait * R < V2Voq3 + Voas (4-15)
Va4 = Vods + Vins + ltain ¥ R < Voas + 2Vins — Itain * Rons (4-16)

c) In the positive slewing phase, if V2 4m is sufficiently large to make both M3 and M5 work
in the triode region, the common-mode output voltage is then calculated as (4-17). The on
resistance of M3 and M5, Ronz and Rons, are typically much smaller than the resistor R in
the low power design. Therefore, V2,cm is about li*R. In addition, V2. and V2. are

calculated as (4-18) and (4-19). It’s found that V2 linearly increases as lwi. Therefore, a
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large transient lwi should be generated for the last preamp stage to maximize its output
voltage swing and the entire op amp’s slew rate. As the preamp is symmetry, the

calculations of 2+ and V2., shown in (4-18) and (4-19) are swapped in the negative slewing

phase.
Voo +V,
Voem = +T = ltail * (R + Ronz + Rons) = i * R (4-17)
Va— = liail * (Ronz + Rons) (4-18)
Vay = lait * (2R + Ronz + Rops) (4-19)

When V». and V2+ become Vsyppiy and O respectively in the negative slewing phase, the op
amp’s output slewing current can be easily calculated as (4-20), if MOC works in the saturation
region in this phase. Under the reasonable assumptions that Bs=P10, Proc=Poc and M9 works in

the triode region in the op amp’s positive slewing phase, the gate voltage of M10, V1o, is found
as about 2 (Vsupply — Vin1o) after solving the KCL equations at M10’s gate node. If M10C
works in the saturation region in the positive slewing phase and its threshold voltage is the
same as M9C, then the positive slewing current, Isr+ can be simplified to be about —%ISR_ as

shown in (4-21). Therefore, the transistors sizes of the op amp’s output stage should be
designed according to the op amp’s slew rate specifications given by equations (4-20) and (4-

21).

1 2
[sp- = — E Boc (Vsupply - Vth9C) (4-20)

1 2 1 4 2 4
Isr+ = 2 817(Vsupply -V, = Vth17) = 2 * 9 617(Vsupp1y - Vth17) == 9 Isr- (4-21)
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45.1.2  Small-signal Analysis of the Preamp Stage

The DC gain of the preamp shown in Figure 4.5(a) is annotated as Avo and calculated as (4-
22). Assuming that fr of M1 and M3 are the same for simplicity and this preamp’s loading
circuit is another same preamp, this preamp’s pole, Pnq, is found as (4-23), where C_ is given
by (4-24). Thus, the GBW of the preamp, GBWoreamp, IS derived as (4-25). When an op amp
drives a very large capacitive load and its dominant pole is located at the op amp’s output node,
the amount of GBW enhancement and the amount of DC gain enhancement generated by the
added preamp stages are the same. In this regard, when the N-stage of the preamps in Figure
4.5(a) are cascaded prior to the op amp’s output stage, the GBW of the op amp, GBWenn, is
found as (4-26), in which GBW.yig is the GBW of the output stage of the op amp without any
preamp stages. The phase drop caused by the poles in the N-stage preamps can be calculated
and simplified as (4-27) after plugging (4-26) into (4-27). In order to have a phase margin more
than 63 degrees for the op amp, ¢drop Needs to be less than 27° or 0.463rad. This phase margin

requirement imposes the requirement of GBW preamp/ GBWorig as shown in (4-28).

AVO = (gml + gm3) * R (4_22)
P = 1 — (gml + gms) - fT
"7 R(Cgs1 + Cgss +CL)  Avo(Cgs1 + Cgsa)(1+m) — Ayg(1 +m) (4-23)
Cp, = m * (Cgsq + Cgs3) = Cgar + Cgaz + Cas1 + Cab1 + Casz + Cans (4-24)
8m1 t 8ms fr
GBW, = ~ -
preamp (Cgs1 + Cge3)(1+m) 1+4+m (4-25)
GBWenn = Ay GBWoyig (4-26)
GBW. N % GBW, NAN+1 4 GBW.. .
erop — Ntan‘l [ enh] ~ enh ~ Vo orig < 0.46 (4_27)
Pnd Pnd GBWpreamp
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Gvapreamp > AVON-'-1 *N
GBW,rig ~ 0.46

(4-28)

4513  GBW Enhancement Optimization for N-stage of Preamp in Cascade

For a given total current budget, Ibuaget, fOr N identical preamp stages, the current budget is
equally distributed to N preamp stages, where N can range from 1 to any other positive integer
number. We define the GBW of the preamp as GBW preamp_single When lbudget iS entirely consumed
by this single preamp. Assuming the transistors in the preamps are working in the weak
inversion region, scaling down the transistors’ bias current to lbudget/N Without changing the
size of transistors shrinks the preamp’s GBW by N times to GBW preamp_single/N. Therefore, the
ratio of GBWopreamp_single t0 GWBorig, GBWatio, IS derived as (4-29) after plugging (4-28). The
GBW!atio depends on process feature sizes, bias current and load capacitor etc. Different

GBW/atio may result in different optimal preamp stages and optimal GBW enhancement factors.

2

GBWpreamp_single N * GBWpreamp N+1
= > AVO *

GBW,atio = —
ratio GBWoyig GBWorig 0.46

(4-29)

Figure 4.6 shows the dependency of GBW enhancement factor, Avo", on the quantity of
preamp stages at different GBWiatio. The peak of AvoN shifts to upper right portion of the plot
as the GBW:atio increases. This means that more preamp stages are needed to achieve optimal
GBW enhancement factors as GBW atio increases. For example, the optimal number of preamp
stages for GBW aiio Of 8*10° and 5*10* are respectively four and three. Increasing the load
capacitor or the preamp’s bias current or using a smaller transistor size will enhance GBW/atio.
In this design with the 0.18um CMOS process, loudget for the preamp stages is about SuA and
CL=15nF, the GBW ratio is about 2*10°. Figure 4.5 shows that the optimal number of the

preamp stage is 3~4 for this design and the largest GBW enhancement factor is about 1000.
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The DC gain of each preamp stage should be about 10 for a 3-stage preamp and 5.6 for a 4-

stage preamp. In this work, we design a 4-stage preamp with a gain of 5.8.

GBW Enhancement Factor vs. Preamp Stages
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Figure 4.6: Dependency of GBW enhancement factor on number of preamp stages

4.5.2 Design of the entire op amp

Figure 4.7 shows the schematic of the designed op amp. The adaptive bias circuit of the input
pair is shown in Figure 4.8. The designed op amp consists of a class AB input stage, three V-
V preamps and a class AB output stage. The adaptive biasing circuit for the input pairs is
controlled by negative feedback loops formed by M1 and M20~M22. The adaptive biasing
circuit regulates transistor M1’s source voltage so that it tracks its gate voltage. Because of
this, the input pairs M1A, M1B, M1C and M2D have a class-AB operation with effectively 2
times of the input small signals. Due to the class-AB operation, when a large step input signal
(Vie= Vip-Vim >>Vodl) is applied in the slewing phase, large transient drain currents of

transistors M1A and M1C will be provided by transistor M22A, whereas M1B and M1D and
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their current mirrors have small currents. As a result, the transient current in M1C is much
larger than M3B and this excessive transient current from M1C activates MOB. When the large
step input signals are removed, transistor MOB resumes to the off state. Transistor MOB’s off
stage is automatically resumed because the drain source voltages of M3A and M3B are biased
to be lower than the threshold voltages of MOA and MOB in the quiescent operation. Similarly,
when a large negative input signal is applied, transistor MOA will be activated. Therefore,
whenever there is a large transient input step signal, the total current in transistors MOA and
MOB increases. The total current in MOA and MOB is mirrored and gained up to the last preamp
stage’s tail current by transistors M11A and M11B. The largely boosted tail current increases
the output voltage swing of the last preamp stage, as given by (4-18) and (4-19). This largely

improves the slew rates.
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Figure 4.7: Schematic of the designed op amp for driving 15nF load capacitor
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Adaptive biasing circuit

Vio I HDVip2

Adaptive

Vim.- bias - Vim2

2 44 44 21

Figure 4.8: The adaptive bias circuit for the designed op amp’s input stage
In the negative slewing phase, transistors M17 and M15 respectively work in the cutoff and

triode regions. The transient drain current of M15 is derived as l15~B15Vin_avg(Vgsi5-Vinis-
0.5*Vin avg)=22.7mA, because Vgs15=Vsupply-50mV=1.45V, B1s=pCoxW1s/L15=48.5mA/V?,
Vin15~0.46V and Vin_avg=0.78V in this design. Consequently, the expected negative slew rate
(SR-) of the designed op amp is around I15/C=1.5V/us with C of 15nF. In the positive slewing
phase, transistors M14 and M15 work in the triode and cutoff regions with Vgs14~Vsupply-50mV
=1.45V. M16 still works in the saturation region because of its diode connection. Therefore,
the KCL equation at the drain of M14 and M16 can be expressed as (4-30). After plugging
A16=0.25, B16=12, B14=13.9, Vin16=0.53V, Vin14=0.46V and Vgs14= Vgs15=1.45V into (4-30), Vg1s
is found as 0.28V and the drain current of M16 and M14 is found as 3.3mA. Since the aspect
ratio of transistors M17 to M16 is 14/4, the expected drain current of M17 is about
3.3mA*14/4=11.6mA and the expected positive slew rate (SR+) is about 0.77V/us in the

positive slewing phase.

1 2
E 816(Vsupply - Vg16 - Vth16) [1 + }\16(Vsupply - Vg16 - Vth16)]

(4-30)
= Bl4(vgsl4 - Vth14)(vgsl4- — Vih1a — 0.5 % g16)
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In terms of the op amp’s DC operation points, transistors MOA-M9D and M10A-M10B are
respectively defined to have the same operation conditions as transistors M5A-M5B and M6A-
M6B, because they have the same gate voltages and same current densities. Therefore, M9A-
MID and M5A-M5B work in the saturation region, whereas M10A-M10B and M6A-M6B
work in the triode region. As for the last preamp stage, because the gate voltage of transistor
M13 is used to define the output stage’s current, transistor M13 is designed to work in the
saturation region. This can be achieved by lowering the gate source voltage of transistors M9E
and M9F. Therefore, each circuit branch in the designed op amp has a well-defined quiescent
current and any common mode voltage errors from prior preamp stages will not proceed to the
output voltage of subsequent preamp stages.

In addition, a feedforward connection, from the 2" preamp’s outputs to the NMOS input
pair of the last preamp stage, is used to reduce the total gain of the preamp stages. This
feedforward connection increases the op amp’s input linear range. An input linear range that
is too narrow could cause conditional instability in large-signal operation of multi-stage op
amps [10].

To understand the frequency response of the entire op amp, the frequency response of the
adaptive bias circuit in Figure 4.8 is analyzed first. After a differential input voltage applied at
Vim of -0.5*Vin and Vi, of 0.5*Vin, the KCL equations at nodes Vimz, Vx- and Vy. can be found
as (4-31) to (4-33), where gx=0ds1+Qds21+0ds20, Jy=0ds21 and g.=2gds1+gds22. After solving (4-31)
to (4-33), the transfer function of (Vip-Vim2)/Vip is found as (4-34), where a, b, c and d are
expressed in (4-35) to (4-38). In order to obtain more insights from the equations, the parasitic
capacitances (ie. Cgs and Cgq) and fr of transistors M1, M20-M22 are assumed to be close to

each other for simplicity. Therefore, the expressions of a, b, ¢ and d are approximated as 2/f,

www.manaraa.com



73

4/fr, 10/f* and 5/fr3, where fr of the transistors are in the order of 100MHz. With the
approximated a, b, ¢ and d, it can be found that the frequencies of the three LHP poles and
three zeros in (4-34) are much higher than the GBW of the designed op amp, which is about
0.85MHz. Therefore, for simplicity, the transfer function of (Vip-Vim2)/Vip and (Vim-Vip2)/Vim

is approximated as 2 in the following frequency analysis.

Vimz * [2(8m1 + S * Cgsl) + SngZZ + 8.l + Vy * (8m22 — SngZZ) =0 (4-31)
Vin Vin
—8m1 Bl + Vimz | + 75ng1 + VX(SCg521 + 5ng1 +8x + 8mz21) — 8ds21Vy (4-32)
=0
—8m21Vx T Vy * (gy + SCgsZZ + SngZZ) — Vimz * SngZZ =0 (4-33)
Vi - VimZ _ Vi - VipZ _ 2+ as + cs? +ds3 (4_34)
\" Vim 1+ bs + cs? + ds3
4= (2Cgs228m1 *+ Cga228m22 — Cgd18m22) o E (4-35)
8m18m22 fr
b= (zcgszzgml + Cga228m22 + ng228m1) N i (4-36)
8m18m22 fr
c= ng22[(2Cgsl + CgsZZ)ngI + Cgle(zgml + 8m22)]
8m18m218m22 4-37
+ 2Cgszz(Cglegml + Cgslgm21) - E ( )
8m18m218mz22 f%
d= Cgle(ZngZZCgsl + ngZZCgSZZ + 2Cgslcg522) _ i (4 38)

8m18m218m22 f'%

With the transfer function of (Vip-Vim2)/Vip and (Vim-Vip2)/Vim known as 2, the small-signal
block diagram of the designed op amp’s input stage can be simplified as Figure 4.9. The gain
of 2 is expressed by changing the input signal from 0.5*Vi, to Vin. Three KCL equations,
expressed as (4-39) to (4-41), are calculated for nodes Vi, V2 and Vs After solving the

equations, the transfer function from Vinto V3, TF1(S), is derived as (4-42), in which the time
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constants are expressed in (4-43). The Cj and gi in (4-43) are respectively the capacitance and
conductance at node i and their expressions are shown in Table 4.1. As expected, there are
three LHP poles and one LHP zero in TF1(s) and the DC gain of TF1(s) is A1= k*gm1*R3=3.5

Om1*R3=6.7.

Figure 4.9: The small-signal block diagram of the op amp’s input stage

—8m1 *Vin t Vi * (s *Cy + gmz) =0 (4-39)
8m1* Vin + Vi *8m3 + Vo(s*Cy +8msa) =0 (4-40)
Vo % gma = Vg * (s *x C3 + 1/R3) (4-41)
V. — Rsy * k(1 + st +
TF1 (S) — _3 ~ gmi1hg ( Zl) ; — gm2 8m3 — 35 (4_42)
Vin (1 +st)(1+s1)(1+573) 8m2
C C C C
1, =——=11ns,1, = —2 = 9.6ns, T3 = == 6.7nST,; = —— = 3.2ns (4-43)
8m2 8ma4 g3 Kgm2

Table 4.1: Expressions of parasitic capacitance for the op amp’s input stage

Expression
C1=Cgs2+Cqgs3t+ Cab1+Cabo+Cga3+Cgdr
C2=Cp3+Cab1+Cabat+CgsatCgsotCgdz+Cgd1
C3~Cdbs+Cabs+CgaatCqgdst(Cgdst+ Cgda)*(gms+gme)R2
C4~Cqdgt+Cqdot(Cqdst Cgdo)*(Oms+gmo)R3+ Cqdo*gmoR4
Cs~Cqdg+Cgdot+ Cgdo*gmsR4
Cep =Cyds+Cgdo+Cqgs14+Cquis
Cem ~Cqds+CgdotCygs15+Cgd1s
C6t=CeptCem~ Cop(1+gm15/gm14)=4.5*Cegp
C7~Cgs16+Cqgs17+Cqd17+Cqd14
03=1/R3, g4=~1/R4, g5=~1/Rs, 06=~1/Rs, §L=0ds17+Jds15
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Om15=N*Om14; Om17=N*Um1s

Figure 4.10: Small-signal block diagram of the designed op amp from its 1 preamp stage
to its output stage

To analyze the complete transfer function from the input to the output of the op amp, the
small-signal block diagram from the op amp’s 1% preamp stage output to its output stage is
drawn as Figure 4.10. In the block diagram, gms=gmo is used for simplicity. The KCL equations
at nodes Vs, Vs, Vegp, Vem, V7 and Vout are calculated as (4-44) to (4-49). After solving the
equations, the transfer function from V3 to Vout is derived as (4-50), where Az and Az are
respectively the three preamp stages’ total DC gain and the output stage’s DC gain. Therefore,
the DC gain from Vin to Vs can be found as Ai+Ax= 3.5g,1282%5(1/Rs + 2gms) *
R3R4R5R¢=1072, in which A1=6.7 and A>=160. The transfer function from the op amp input
to V3 of the op amp is also recalled as (4-51) from (4-42). The values of the time constants in
(4-49) and (4-50) are calculated as (4-51) to (4-55). In addition, the expressions of g; and C;
are expressed in Table 4.1. Therefore, the op amp’s transfer function from its input to output
is calculated as TF1(s)* TF2(s), which consequently has four LHP zeros and nine LHP poles.
The distribution of the designed op amp’s poles and zeros within 5 times of the GBW of the

op amp are shown in Figure 4.11, in which P-3ss=gL/CL, Pi=1/1i , Zj=1/14, i=1~5, 6m, 6p and
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j=1~4. With the locations of the poles and zeros, the phase margin of the designed op amp is

62.5° with a GBW of 0.85MHz.
Vs 2g1mg + Va(gs +5C4) =0 (4-44)
V, *2gmg + Vs * (g5 +sCs) =0 (4-45)
—V, * 0.58mg + Vs * 0.5gmg + Vep * (86 + 5Cep) = 0 (4-46)
V, #0.581m8 — Vs * 0.5g 8 + Vem (86 + SCem) = 0 (4-47)
Vep * 8m14 + V7(gm16 +5C;) =0 (4-48)
V7 % 8m17 + Vem * 8m1s + Vour * (8L +sCL) =0 (4-49)

Vo —AzA3(1 + 5T,5)[1 + sT53][1 + 5T54]
TFa(s) =~ L (4-50)
3 I+ 1)+ 155)(1+ t6ms)(1 + TepS)(1 + T78)(1 + as)

_Al (1 + STZl)

V.
TF;(s) = —

~ 4-51
Vi (Q+st)(1+sty)(1+s13) ( )
2g2 +2
A, = 35g.,Ry, A, = 8ms (85 + 28ms) _ 160, A, = 8m1s (4-52)
848586 8L
Cy C, Cs Cy
Ty =——=11ns,1, =——=9.6ns,173 = — = 6.7ns,14, = — = 7.8ns (4-53)
8m2 8ma4 g3 84
C C C
Tg = = = 5.6ns, Tep = ) 20ns, Tgy, = —OM — 52.4ns (4-54)
8s 86 86
7 227 “1 35 s 0.83 (4-55)
T, = = 22.71ns, T, = = 3.2ns; 1,, = ——— = 0.83ns, -
" gm1e “ " kgm2 “ " g5+ 28ms
1,C C CepC
Ty = —<ﬁ +—7 > = 36.2nS, T,y = o0 7 = 4.8ns (4-56)
2\86  8mie Cot8m1e + C786
_ 8m1s _ 2 1 8&m1s
GBW = A, * A, * = 3.5gm128ms | =— + 28ms | * R3R4R5R¢ * (4-57)
Cy Rg Cy
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Figure 4.11: Distribution of the op amp’s poles and zeros within 5 times of GBW
Compared with the GBW of the op amp without preamp stages, gm1s/CL, the op amp’s GBW

with the preamp stages is enhanced by A1«A>=1072 times, as shown by (4-57). From (4-57), it
also can be seen that the GBW of the op amp is approximately proportional to gm® and R*. As
the resistor’s process variation in this 180nm CMOS process is about -50%~+45% of its typical
value, the variation of the R* and GBW can be as high as 6.25%~442%. To reduce this variation,
a constant gm bias circuit like [11] is used as this op amp’s bias circuit. The constant gm bias
circuit makes the NMOS transistors’ gm proportional to 1/R. As a result, A=Az is
approximately a constant. The op amp’s GBW can thus be simplified as proportional only to
the transistor’s gm. Therefore, the expected GBW variation ranges from 70% to 200% of the
typical GBW. This GBW variation can be further reduced by trimming the resistors in the
preamp stages or trimming the transistor sizes at the op amp’s output stage or implementing
the resistors by transistors. In addition, the generated bias current from the constant gm bias
circuit is also roughly proportional to 1/R, so the expected quiescent current of the op amp also
ranges from 70% to 200% of the typical value under process corner variations. Because the
GBW and the supply current, Isuppiy, Of the op amp have similar dependencies on the resistor’s
variation, the ratio of GBW and lsuppiy Should have less variation. As a result, the variation of
FOMs=GBW™*C\/lsupply is not very large and its value need to be confirmed by simulation. On
the other hand, some foundries closely monitor the doping concentrations of the poly and

whole wafer as their standard procedure. As a result, the poly resistor values are almost always
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close to the values in the typical corner. If this is the scenario, no constant gm bias circuit is

needed.

4.6.Simulation Results

In this section, the designed op amp in a CMOS 180nm process is simulated under three
different conditions: 1) under process corner variations only, 2) under mismatch variations
only, and 3) under process corner plus mismatch variations. The purposes of the simulation
results are fourfold: a) to confirm that the quiescent current of the op amp is well controlled;
b) to verify the theoretical analysis of the op amps’ frequency and transient response including
phase margin and slew rate in the typical corner; ¢) to confirm the variation range of GBW and
supply current under process corner variations; and d) to confirm that the designed op amp
provides favorable small- and large-signal figures of merit, FOMs and FOM_, compared with
the state-of-the-art op amp design [3][9] for driving large capacitive loads. FOMs and FOM_
are defined as (4-56), where GBW, Ci, SR and Ilsyppiy are respectively the gain-bandwidth

product, load capacitor, slew rate and supply current of the op amp.

GBW * C;, SR * C
FOMg = —— ; FOM,, =
supply supply

(4-58)
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4.6.1 Typical corner simulation results
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Figure 4.12: Frequency response of the designed op amp at typical corner
Figure 4.12 shows the frequency response of the designed op amp with a 15nF load capacitor.

The simulated DC gain, GBW and phase margin (PM) are respectively 92.6dB, 0.85MHz and
62.5°. The simulated phase margin agrees with the theoretical calculation in Section 4.5.2. Also,
as expected, the op amp has a dominant pole at low frequency, about 10Hz, and all other

nondominant poles are located at frequencies a few times higher than the op amp’s GBW.
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Figure 4.13: Transient response of the designed op amp at typical corner
The designed op amp’s large- and small-signal transient responses are simulated in the

noninverting unity gain buffer configuration with input step voltages of 400mV and 60mV.
The simulated transient responses are shown in Figure 4.13. As can be seen, the positive slew
rate (SR+) is 0.77V/us and the negative slew rate (SR-) is -1.4V/us. The simulated SR+ and
SR- are also consistent with the calculated slew rates. With a positive large step input, the op
amp’s settling time with 1% (Ts+_1%) and 0.1% (Ts+_0.1%) settling accuracy are respectively
0.85us and 1.06ps. With a negative large step input, the op amp’s settling time with 1% (Ts-
_1%) and 0.1% (Ts-_0.1%) settling accuracy are respectively 0.613us and 0.801ps. The
quiescent supply current and supply voltage of the op amp are respectively 6.56 A and 1.5V.
Therefore, FOMs and FOM_ are derived as 1940pF/MHz-uA and 2500pF*V/us-uA. Also, the
op amp’s input referred voltage noise density is found as 1.5puV/sqrt(Hz) and 93.6nV/sqrt(Hz)
at 100Hz and 100KHz respectively. In addition, the op amp’s power supply rejection ratios
(PSRR) are -93.2dB at frequency of 1KHz and 91.2dB at frequency of 100KHz. The

performance summary of the designed op amp in the typical corner is shown in Table. 4.2.
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Table 4.2: Performance summary of the designed op amp in the typical corner

Output Unit Typ
Phase Margin degree 62.5
GBW MHz 0.846
DC gain dB 92.64
Isupply LA 6.56
Vos, 1o mV -0.00958
SR- V/us -1.41
SR+ V/us 0.778
Ts- 1% us 0.613
Ts+_ 1% us 0.852
Ts+_0.1% us 0.801
Ts+_0.1% us 1.06
FOMs pF/MHz-uA 1940
FOML pF*V/us-uA 2500
noise_at 100Hz nV/sqrt(Hz) 1510
noise_at_ 100K nV/sqrt(Hz) 93.6
PSRR at 1KHz dB -93.2
PSRR at 100KHz dB -91.23

4.6.2 Process corner variation simulation results

In this section, the designed op amp is simulated under process corner variations. The
purposes of the simulations are threefold: a) to verify the functionality of the designed op amp
under process corner variations; b) to check the variations of the op amp’s GBW, PM, DC gain,
slew rate and settling time under process corner variations; and c¢) to confirm the robustness of
the op amp’s FOMs and FOM_ under process corner variations. The process corner setup is

shown in Table 4.3.
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Frequency response
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Figure 4.14: Frequency responses of the designed op amp at all process corners
Table 4.3: Process corner setups for the simulations of the designed op amp

Parameter |[typ |[AlIO [ AllL | All2 | AlI3 [ All4 | AlI5 | All6 | AlI7 | low high
Capacitor [typ |[typ |[typ |typ |[typ typ |typ |[typ |typ low high
MOSFET | tntp [ hnlp | Inhp | snsp | wnwp | hnlp | Inhp | snsp | wnwp [ wnwp | snsp
Resistor typ [ high | high | high | high | low | low |low | low low high

Figure 4.14 shows the designed op amp’s frequency response under process corner
variations. The performance pairs of (min, typ, max) of the simulated DC gain, phase margin
(PM), GBW and supply current (lsupply) are respectively (89.7dB, 92.64dB, 93.3dB), (59.7°,

62.5° ,69.99), (0.43MHz, 0.846MHz, 1.49MHz) and (4.54pA, 6.56 HA, 12.4pA). The ranges
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of the GBW and supply current are respectively within 51%~176% and 69%~189% of their

typical values. These match reasonably well with the calculated ranges of 70%~200% and

70%~200%. The (min, typ, max) of the simulated FOMs are (1310 pF/MHz-uA, 1940

pF/MHz-pA, 1940 pF/MHz-pA). As expected, the variation range of FOMs, 68%~100%, is

smaller than that of GBW or lsuppiy because the GBW and lsuppiy Of the op amp have similar

dependencies on resistors’ variation.

Transient Response
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Figure 4.15: Transient step responses of the designed op amp at all process corners

The designed op amp’s large- and small-signal transient responses are simulated in the

noninverting unity gain buffer configuration with input step voltages of 400mV and 60mV

under process corner variations. The simulated transient performance of the op amp is shown

in Figure 4.15. The (min, typ, max) of the simulated Ts+_1%, Ts-_1%, Ts-_0.1% and Ts+_0.1%

are respectively (0.52us, 0.85us, 1.17us), (0.44us, 0.61pus, 0.71us), (0.65us, 1.06 ps, 1.46ps)

and (0.56ps, 0.80us, 1.0us). The (min, typ, max) of the simulated SR+ and SR- are (0.65V/ps,

0.78 V/us, 0.95V/us) and (-1.23V/us, -1.41V/us, -1.64V/us). As a result, the (min, typ, max)

of FOML is (1160pF*V/us-uA, 2500pF*V/us-pA, 3860pF*V/us-puA). The FOML of the

designed op amp excels [3][9]. The performance summary of the designed op amp under

process corner variations is shown in Table 4.4.
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Table 4.4: Performance sumamry of the designed op amp under process corner variation

Output Unit Min Max | Typ
Phase Margin degree 59.73 [69.92 | 62.5
GBW MHz 0.434 | 149 [0.846
DC gain dB 89.71 | 93.32 [ 92.64
Isupply A 454 |124 |6.56
SR- V/us -1.23 | -1.64 |[-141
SR+ V/us 0.645 [ 0.945 | 0.778
Ts- 1% us 0.444 10.713 | 0.613
Ts+ 1% us 0.525 | 1.17 |[0.852
Ts- 0.1% us 0.563 |1 0.801
Ts+ 0.1% us 0.654 |1.46 |[1.06
FOMs pF/MHz-pA | 1310 | 1940 | 1940
FOML pF*V/us-uA | 1160 | 3860 | 2500
Noise_at 100Hz | nV/sqrt(Hz) | 1070 |3380 [ 1510
Noise_at 100K | nV/sqrt(Hz) | 725 | 128 93.6
PSRR at 1KHz dB -120.4 | -90.42 | -93.2
PSRR at 100KHz | dB -110.5 | -86.05 | -91.23

4.6.3 Mismatch variation simulation results

In this section, the designed op amp is simulated using a 1000-run Monte Carlo simulation
with mismatch variations only. The purposes of the simulations are twofold: a) to verify that
the op amp’s quiescent current is well controlled; and b) to verify the tight spread of the op
amp’s performance including GBW, PM, DC Gain, slew rate and settling time. Figure 4.16
shows the frequency responses of the designed op amp under mismatch variations. The 1000-
run Monte Carlo simulation shows that the pairs of (mean, sigma) of the simulated PM, DC
gain, GBW and supply current of the designed op amp are respectively (62.5°, 2.5°), (92.5dB,
0.7dB), (0.83MHz, 0.08MHz) and (6.56uA, 0.19uA). The tight spread of the op amp’s supply

current and GBW under random mismatch variations verifies that the op amp’s quiescent
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current is well defined. Therefore, unlike [3], the designed op amp’s small-signal performance
is robust under random mismatches.

Frequency response under mismatch variation
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Figure 4.16: Frequency responses of the designed op amp under mismatch variation
The simulated transient responses of the op amp are shown in Figure 4.17. As can be seen,

the op amp always settles to its final steady-state voltage after a certain period. The final
steady-state voltage slightly varies due to the op amp’s random offset voltages. The offset
voltages of the op amp have a normal distribution with a mean of 0.03mV and a sigma of
2.8mV. The performance pairs of (mean, sigma) of the simulated SR- and SR+ are respectively
(-1.4V/us, 0.01V/ps) and (0.78V/us, 0.003V/us). Similarly, the (mean, sigma) of Ts+_1%, Ts-

_1%, Ts+_0.1%, and Ts- 0.1% are found as (0.84us, 0.04us), (0.58us, 0.08us), (1.06us,
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0.04pus) and (0.77us, 0.1us). The very tight spread of the slew rate and settling time of the
designed op amp confirms the robustness of the op amp’s large-signal performance under
random mismatch variations.

Transient Response
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Figure 4.17: Transient responses of the the designed op amp under mismatch variation
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Figure 4.18: FOMs of the designed op amp under mismatch variation
The histograms of the FOMs and FOM_ of the op amp are shown in Figure 4.18 and Figure

4.19. FOMs has a normal distribution with a mean and sigma of 1904pF/MHz-uA and
140pF/MHz-uA respectively, whereas the mean and sigma of the FOM_ are respectively
2501pF*V/us-uA and 70pF*V/us-uA. The narrow variations of the op amp’s FOMsand FOM_.
again confirm the robustness of the designed op amp under mismatch variations. The

performance summary of the design op amp under mismatch variations is shown in Table. 4.5.
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Figure 4.19: FOM_ of the designed op amp under mismatch variation

Table 4.5: Performance summary of the designed op amp under mismatch variation

Output Unit Min Max Mean | Median | Std Dev
Phase Margin degree 54.1 69.7 62.6 62.7 2.5
GBW MHz 0.6 11 0.8 0.8 0.1
DC gain dB 90.2 95.2 92.5 92.5 0.7
Isupply HA 6.0 7.2 6.6 6.5 0.2
Vos mV -9.7 10.6 -0.1 0.0 2.8
SR- V/us -1.4 -1.4 -1.4 -1.4 0.0
SR+ V/us 0.8 0.8 0.8 0.8 0.0
Ts- 1% us 0.4 0.7 0.6 0.6 0.1
Ts+ 1% s 0.6 0.9 0.8 0.8 0.0
Ts+ 0.1% s 0.4 11 0.8 0.7 0.1
Ts+ 0.1% s 0.8 1.2 1.1 11 0.0
FOMs pF/MHz-uA | 1497.0 | 2389.0 | 1904.0 | 1897.0 | 140.9
FOML pF*V/us-uA | 2297.0 | 2721.0 | 2501.0 | 2501.0 | 70.4
Noise_at 100Hz | nV/sqrt(Hz) | 1448.0 | 1578.0 [ 1509.0 | 1509.0 | 17.6
Noise_at 100K | nV/sqgrt(Hz) | 89.5 97.7 93.7 93.7 1.4
PSRR at 1KHz dB -1248 | -79.2 |-914 |-904 6.6
PSRR at 10KHz | dB -116.8 | -69.1 |[-82.8 |-82.0 6.3
PSRR at 100KHz | dB -104.2 | 484 |-63.7 |-62.1 8.0
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4.6.4 Process corner plus mismatch variation simulation results

In this section, the designed op amp is simulated under both process corner and mismatch
(P.Mis) variations using a 1000-run Monte Carlo simulation. The purposes of these simulations
are threefold: a) to verify the functionality of the designed op amp under P.Mis variations; b)
to check the variations of the op amp’s GBW, PM, DC gain, slew rate and settling time under
P.Mis variations; and c) to confirm the robustness of the op amp’s FOMs and FOM_ under
P.Mis variations. Figure 4.20 shows the simulated frequency responses of the designed op amp
with a15nF load capacitor under P.Mis variations. The simulated PM, Gain, GBW, lsyppiy and
FOM;s all have a normal distribution but with values of mean and sigma. Their (mean, sigma)
are respectively (62.3° 3.0°), (92.5dB, 1.1dB), (0.9MHz, 0.27MHz), (7.0pnA, 1.87uA) and
(1910 pF/MHz-pA, 167 pF/MHz-pA). As discussed, the variation in GBW is mainly caused
by the process corner variation of the resistors. If a more constant GWB is desired, the resistors
in either the 1% or the 2" preamp of the op amp can be trimmed to obtain a constant GBW. As
both GBW and Isuppiy Vary in a comparable way as the resistor value varies, the variation of
GBW/lsypply is much smaller than GBW or Isypply alone. That’s the reason why the normalized
variation (sigma/mean) of FOMs is smaller than those of GBW or Isupply. The histogram of
FOMs is shown in Figure 4. 21.

The simulated transient responses of the designed op amp under P.Mis variations are shown
in Figure 4.22. As can be seen, the op amp always settles to its final steady-state voltages after
a certain period. The op amp’s offset voltages show a normal distribution with a mean and
sigma of 0.1mV and 2.8mV. The simulated Ts+ 1%, Ts- 1%, Ts+_0.1%, Ts-_0.1% have a
normal distribution with (mean, sigma) of (0.82us, 0.15us), (1.03us, 0.2us), (0.56us, 0.08us)

and (0.8us, 0.2us) respectively. The simulated SR- and SR+ have a normal distribution with
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(mean, sigma) of (-1.4V/us, 0.06V/us) and (0.78V/us, 0.08V/us). The FOM_ also has a normal
distribution with (mean, sigma) of (2474 pF*V/us-pA, 604.5 pF*V/us-pA). The spread of
FOML is mainly caused by variations in the supply current under process corner variations.
The histogram of FOM_ is shown in Figure 4.23. The performance summary of the designed
op amp under P.Mis variations is shown in Table. 4.6.

Frequency response under corners and mismatch variation
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Figure 4.20: Frequency responses of the designed op amp under P.Mis.variation
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Figure 4.21: FOM; of the designed op amp under P.Mis.variation
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Figure 4.22: Transient responses of the designed op amp under P.Mis variation
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Figure 4.23: FOM_ of the designed op amp under P.Mis variation
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Table 4.6: Performance summary of the designed op amp under P.Mis variation

Output Unit Min Max Mean | Median | Std Dev
Phase Margin degree 52.73 | 7154 |62.26 |62.37 |3.08
GBW MHz 0.47 1.74 090 |0.84 0.27
DC gain dB 89.12 | 9538 |9253 |9254 |1.07
Isupply_prop A 4.30 12.29 |7.03 |6.64 1.88
Vos mV -8.96 8.33 0.10 |0.16 2.78
SR- V/us -1.57 -1.27 | -1.40 |-1.39 0.06
SR+ V/us 0.63 0.94 0.78 |0.78 0.08
Ts- 1% us 0.36 0.84 0.56 | 0.56 0.09
Ts+ 1% us 0.46 1.17 082 |0.84 0.15
Ts+_0.1% us 0.40 1.72 0.80 |0.75 0.20
Ts+ 0.1% us 0.54 1.73 1.03 |1.03 0.20
FOMs pF/MHz-pA | 1361 2465 1910 | 1902 167
FOML pF*V/us-pA | 1212 3900 | 2474 | 2486 605
Noise_at 100Hz | nV/sqrt(Hz) | 1423 1846 | 1522 | 1520 42
Noise_at 100K | nV/sqrt(Hz) | 75.47 | 112.10|93.91 | 93.98 |8.60
PSRR at 1KHz dB -121.30 | -64.36 | -89.10 | -88.60 | 7.97
PSRR at 10KHz | dB -110.70 | -62.66 | -81.50 | -81.21 | 7.05
PSRR at 100KHz | dB -104.80 | -44.71 | -63.24 | -61.78 | 9.09

4.6.5 Post-layout simulation results

The layout of the designed op amp is shown in Figure 4.24. Compared with the schematic
simulation results, the post-layout simulation results of the proposed op amp show about 14.5%
reduction in GBW and 3.5% reduction in supply current. The reduction in GBW is caused by
the routing parasitic capacitance at the internal nodes of the op amp. The slight reduction in
supply current is caused by the combination of shallow trench isolation (STI) effect, well
proximity effect (WPE) and layout design with fingers. As a result, the FOMs in the post-
layout simulation shows a reduction of 12.5% by comparison with the schematic simulation
results. But, as expected, the slew rates of the schematic and post-layout simulation results are

the same because the voltage swings at the gates of transistors M14 and M15 are close to rail-
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to-rail supply voltage in both in both schematic and post-layout simulations. The detailed
simulation results about the designed op amp’s AC and transient responses with schematic and

post-layout views are shown in Figure 4.25 to Figure 4.27. The schematic and post-layout

simulation results are compared and shown in Table 4.7 in Section 4.7.

Figure 4.24: Layout view of the designed op amp
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Figure 4.25: Proposed op amp’s transient responses in schematic and post-layout
simulation
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Figure 4.27: Proposed op amp’s frequency responses in schematic and post-layout
simulation b) magnified bode plots around 0dB

4.7.Performance Comparison of This Work with the Literature
Table 4.7 shows the performance comparison among [3], [9] and the proposed op amp in
schematic and layout views. As can be seen, the post-layout simulation results of this work

show favorable performance in small-signal (FOMs), large-signal (FOM.), and settling-time
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(FOMs_x%) figure of merits. FOMrs is defined as Ci/(lsuppiy<TS_x%), where Ts is the settling
time of the op amp with x% settling accuracy. Work [9] is also redesigned in the same 0.18um
CMOS process used for the proposed op amp. The redesigned op amp has the exact same
transistor sizes, bias current and total supply current as reported in [9]. The redesigned op amp
is not stable with al5nF capacitive load, so the performance of the redesigned op amp is shown
with a 100nF capacitive load only. Under a 100nF capacitive load, compared with the
redesigned op amp, the proposed op amp has a similar FOMs but a much higher phase margin,
FOMrTs 1% and FOMTs o.1%. In addition, when the supply voltage changes by +/-10%, the supply
current of the redesigned [9] changes by +89.3% and -48.9% respectively, whereas the
proposed op amp only changes by +1.7/-1.8% respectively. As reviewed in Section 4.2.2, work
[9] or the redesigned op amp’s supply current is extremely sensitive to its supply voltage
because its preamp stages greatly amplify current errors due to the channel length modulation

effects.

Table 4.8 shows the performance comparison among [3], [9] and the proposed op amp over
process corner and mismatch variations. In a typical corner, the proposed op amp’s post-layout
simulated FOMs is 25 times of [3] and 1.8 times of [9], while its FOML_ is 1198 times of [3]
and 7.8 times of [9]. Even in its worst-case scenario of schematic simulations, the FOMs of
the proposed op amp is 20.6 times of [3] and 1.5 times of [9], while its FOML_ is 632.6 times
of [3] and 4.1 times of [9]. If trimming bits are available to trim the resistor’s value in the
designed op amp, variations in FOMs and FOM_L can be reduced. The performance
improvement of this work over [3] and [9] are mainly introduced by structurally decoupling

large- and small-signal operations and eliminating any wasted current in the preamp’s load
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circuits. In addition, unlike [3][9], the quiescent current of all the branches in the designed op

amp is well defined.

Table 4.7: Performance comparison of this work in schematic and post-layout view with
recently reported amplifiers

*NCM, | *Hybrid, | .. . *[9],
JS5C'15 JS%/C'16 STCT]':n‘?;‘LT ;Eg‘t'slg‘)’/%ﬁi reEle]si
[3] [] gned

CMOS process (um) | 0.18 0.13 0.18 0.18 0.18
VDD (V) 1.2 0.7 15 15 0.9
IDD (1A) 3 24 6.44 6.208 24
DC gain (dB) 84 ~100 93.5 92.09 80
CL (nF) 15 15 15 [100 |15 100 100
GBW (MHz) 0396 | 146 0811 [0.125 [0.684 [0.105 | 0.446
PM (°) 81 66 66.4 |86.36 |6397 |8597 |64.11
SR (V/ps) 0.01 0.47 095 |014 |095 |014 |o001
Avg. 1% settling (us) | 47.00 | 1.41 080 [490 [087 [496 [26.15
Avg. 0.1% settling (us) | - - 085 |[6.00 |0.94 6.66 27.86
FOMs (pF*MHz/uA) | 66 9125 1,889 [ 1,941 [1,653 [1,601 |1.858
FOML(pF*V/us/uA) | 1.916 | 2938 | 2,201 | 2,174 [ 2,295 [2,302 |38
FOMts 106 (pF/us/uA) | 106.4 | 4433 [2,922 | 3,169 | 2,793 |[3,248 |159.3
FOM 1 01% (pF/ps/pA) | - - 2,756 | 2,588 | 2,577 |2420 |149.6
Area (mm?) 0.0013 |0.0027 |- - 0.0064 | 0.0064 |-

Notes: * represents the measurement results and * represent the simulation results

Table 4.8: Performance comparison of this work with recently reported amplifiers

*NCM, "Hybrid, *This *This *This
JSSC'15 [3] [ JSSC'16[9] | work, typ | work, min | work, max
CMOS process (um) 0.18 0.13 0.18 0.18 0.18
CL (nF) 15 15 15 15 15
VDD (V) 1.2 0.7 1.5 15 15
IDD (pA) 3 24 6.56 4.299 12.29
DC gain (dB) 84 ~100 92.6 89.12 95.38
GBW (MHz) 0.396 1.46 0.85 0.47 1.742
PM (o) 81 66 62.5 52.73 71.54
SR (V/us) 0.01 0.47 1.1 0.95 1.25

www.manaraa.com




96

Table 4.8 (continued

Avg. 1% settling (us) 47 1.41 0.73 0.41 1

Avg. 0.1% settling (us) | NA NA 0.93 0.47 1.72
FOMs (pF/MHz-pA) 66 912.5 1940 1361 2465
FOML (pF*V/us-pA) 1.916 293.8 2500 1212 3900

*The minimum and maximum performance of this work is reported based on 1000-run Monte Carlo
simulation with both process corner and mismatch variation enabled.

4.8.Discussion

If a tighter spread of the designed op amp’s GBW is needed under all process corner
variations without the aid of any trimming circuits, a more sophisticated bias strategy is
needed. As shown in Section 4.5.2, the GBW of the designed op amp is proportional to gm°*R*.
With the constant gm bias circuit [11], gm becomes approximately proportional to 1/R and the
expression of GBW is then simplified to be proportional gm. or 1/R. To reduce the GBW spread
further under process corner variations, one of the preamp stages’ gm needs to be constant
instead of proportional to 1/R. This can be achieved by biasing the tail current of one of the

preamp stages with a fixed bias current.

4.9.Summary

A new power-efficient design technique for op amps driving large capacitive loads has been
introduced to largely boost both the op amp’s small- and large-signal performance. An op amp
is designed with the new technique and demonstrates ability to decouple large- and small-
signal performance, possess very well-defined quiescent current for all the preamp stages, and
eliminate current waste in the preamp’s load circuits. Because of these good features, the
designed op amp is much less sensitive to devices’ random mismatches and the op amp can be
optimized for both large- and small-signal performance. The optimization between the gain
bandwidth product enhancement and the number of preamp stages for the proposed op amp

has also been discussed. The proposed op amp has also been simulated in a 180nm CMOS
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process under three different conditions. The simulation results are found to agree well with
theoretical calculations/discussions/analysis. Compared with the state-of-the-art methods
[3][9], the designed op amp shows very favorable FOMs and FOM_. The results show that the
proposed power-efficient op amp design is suitable for applications such as LCD gamma

buffers where a large capacitive load is driven.
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CHAPTER 5. CURRENT UTILIZATION EFFICIENCY
ENHANCEMENT FOR FOLDED CASCODE AMPLIFIERS

5.1.Introduction

Op amps are one of the most fundamental building blocks for many analog and mixed-signal
systems. Among different op amp structures, folded cascade amplifiers (FCAS) are one of the
mostly widely-used architectures in single- and multi-stage op amp designs because FCAS
have high gain, wide input common code range (ICMR) and reasonably large output voltage
swing (OSW) [1]. PMOS input FCAs, due to their higher non-dominant poles, lower flicker
noise, and lower input common mode levels, have become the primary choice over its NMOS
counterpart. Moreover, PMOS input FCAs allow for input switches using a single NMOS

transistor in switched-capacitor (SC) applications [2].

vdd
g™
M3 ——2 [i10
v—| Yy M : V,
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Figure 5.1: Schematic of a conventional folded cascode amplifier (FCA)
Figure 5.1 shows a conventional PMOS input FCA. In this FCA design, the tail current (lti)

of the op amp is designed to meet the FCA’s noise and GBW specifications. The cascode stage

current (Ip) is conventionally set as larger than 0.5l to avoid a long recovery time caused by
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the input pair (M1-M2) working in the triode region and the cascode transistors (M7-M8)
working in the cutoff region in slewing phases. In practice, Iy is usually designed to be about
0.7*ltil to provide some design margin over random mismatch variations [3]. Therefore, the
bias current of the cascode stage is about 1.4 times of the FCA’s tail current. Unfortunately,
this large amount of bias current in the FCA’s cascode stage not only dramatically increases
the power consumption of the FCA but also degrades the FCA’s noise and offset voltage
performance. This is discussed further below.

The input referred offset voltage of the FCA in Figure 5.1 is calculated as (5-1), in
which AV;,, AV,,, AV, are the offset voltages of transistors M1-M2, M3-M4 and M5-M6.
Also, gmi is the transconductance of transistor M;, i=1,2..,6. To calculate noise, we assume that
transistors M1-M6 have the same length, current density, and flicker noise constant for

simplicity. Thus, the FCA’s input referred noise power density is calculated and simplified as

(5-2), where V2 is the noise power density of transistor Mi. K, Cox, W1, and L are transistor
M1’s oxide capacitance per unit area, width, length, and flicker noise constant. Also, k and T
are respectively Boltzmann constant and temperature in Kevin. As can be seen from (5-1) and
(5-2), the FCA’s offset voltage and noise drop as gma/gm1 and gms/gm1 decreases. For a given
targeted GBW and capacitive load (CL), gm: is designed to be GBW*C.. Therefore, a power-
efficient way to reduce the FCA’s noise and offset voltage is to decrease the transconductance

of transistors M3-M6 via reducing their bias currents.

VOS = Avlz + AV34 * gm3 + AV56 * % (5'1)
ml m1l
2 _ 2 L vu2 8&m3 2 72 8ms 2
V2 =2|V3 + VL (=) + Vi (== (5-2)
8m1 8m1
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(16kT + 2Kf ) gms3 8ms
3gml Wll-‘lcoxf

5.2.Literature Review

5.2.1 General review

In an effort to reduce an FCA’s input referred offset voltage and noise, several techniques
have been reported in the literature [4]-[6]. The techniques function by reducing gmc/gm1, Where
gmc IS the total effective transconductance of the top PMOS and bottom NMOQOS transistors in
the FCA’s cascode stage, and gm1 is the transconductance of the FCA’s input pair. Approach
[4] reduces gmc by doing a resistive degeneration for the top PMOS and bottom NMOS
transistors. However, this approach not only reduces the FCA’s ICMR and OSW but also
increases area consumption since a large degeneration resistor is placed in a low power design.
Approach [5] adds a low noise preamp stage in front of the conventional FCA, but this
approach significantly increases the FCA’s power consumption to achieve the same slew rate
performance. Approach [6] uses a new turn-around circuit and improves the FCA’s noise, input
offset voltage and current utilization efficiency (CUE) by reducing the cascode stage’s bias
current, where CUE is defined as the ratio of the FCA’s tail current to its supply current. But
this approach can only afford a slight decrease in the cascode stage’s bias current so as to avoid
a long recovery time. In addition, this approach requires a complicated frequency
compensation to stabilize its new turn-around stage caused by its multiple internal loops. This
significantly increases design complexity and area consumption of the FCA. Therefore, in this
chapter, we propose a new output stage to enhance the FCA’s CUE. The proposed output stage

also improves the FCA’s performance in terms of noise, offset voltage and gain.
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5.2.2 A state-of-the-art FCA design for CUE enhancement

Figure 5.2 shows a state-of-the-art method [6] to improve the FCA’s CUE by reducing its
cascode stage’s bias current. As byproducts, the noise and offset performance of the FCA are
also improved. The PMOS-side circuit, formed by transistors M5-M6, M9-M10 and M13-M4,
is symmetric to the NMOS-side circuit formed by transistors M3-M4, M7-M8 and M11-M12,
Transistors M10 and M14 respectively share the same gate voltages as transistors M9 and M13.
In addition, transistors M10 and M13 respectively share the same source voltages as transistors
M14 and M9. As the total drain current of transistors M10 and M14 is also the same as that of
transistors M9 and M13, the DC bias voltages of node 3 and 8 are equal, Vs=V3 Consequently,
transistor M10 has a constant bias current that is the same as in transistor M9. Therefore, the

drain currents of transistors M12 and M7 are also equal to Iy in the NMOS-side circuits.

Figure 5.2: Rudy’s FCA a) the FCA’s schematic b) floating battery in the FCA
Upon application of a small negative differential input voltage, the differential signal

currents in M1 and M2 are respectively -Al and Al. These differential currents cause a voltage

increase by AV7 at node 7, whereas the voltage at node 1 stays the same since Vgs of transistor
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M7 stays the same because of the constant bias current. Then, AV7 is simply shifted up to node
6, so AVe=AV7. Therefore, the gate source voltages of transistors M8 and M11 change by +AV7
and -AV7y, respectively. Since transistors M7-M8 and M11-M12 are symmetrically designed
with the same size, the differential signal currents in M8 and M11 can be respectively found
as -Al and Al The signal current in M8 is ultimately copied to transistor M13 by the circuit
formed by M5-M6, M9-M10 and M13-M14. Therefore, the signal currents in transistors M13
and M11 are -Al and Al respectively. This holds true only when |Al] is less or equal to 2* Iy or
when |[AV7|<Vods, Where Vogs IS the quiescent overdrive voltage of transistor M8.

However, when Al exceeds 2*I,, AV7>Vogs and transistors M8 and M13-M14 work in the
cutoff region, whereas M11 still works in the saturation region. In this case, the changes of the
drain currents in transistors M4, M3, M8 and M11 are respectively Al-ly, Al-ly, -1p and 2Al-1p.
Therefore, if AI=0.51wi> 2lp occurs in a negative slewing phase, the drain currents of the
transistors become 1>=l11= ltil, 11=18=114=113=0, 13=1l4= li+lp, Is=ls=lp and li0=Ip, where I; is
transistor Mi’s drain current and i=1,2...14. Similarly, in a positive slewing phase, 12=111=0,
l1=lg=l14=113=lsail, 13=14= ltait+ 1, Is=l6= laii+1p and l10=ly. As a result, Rudy’s FCA [6] in Figure
5.2 has the same slew rate as a conventional FCA even when Iy is smaller than 0.5* 1. But as
mentioned, if 1b<0.25l:i, either M8 or M11 would work in the cutoff region during negative
or positive slewing phases, which increases the recovery time of the FCA after slewing
completes. This limits the lower boundary of the total bias current in this FCA’s cascode stage
as 4*Ip> lwil. Therefore, the maximum achievable CUE of this FCA is within 50% to avoid
long recovery time.

In addition, this FCA needs a complex frequency compensation and significantly increases

the FCA’s area overhead. There are two translinear loops in the FCA in Figure 5.2. One loop
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is M13-M5-M6-M14-M13 and another loop is M11-M3-M4-M12-M11. The two translinear
loops make the circuits between nodes 7 and 8 work as a floating battery. Therefore, it can be
found that the resistance at nodes 7 and 8 is about 1/(Qdss*+Qdsa+Qds2), Where gdss, Jdss and gas2
are respectively the conductance of transistors M6, M4 and M2. Due to the existence of two
high impedance nodes in the FCA including node 7 or 8 and output node, a complex frequency
compensation shown in Figure 5.2 is needed in [6] to stabilize the FCA, which unfortunately
dramatically increases the FCA’s design complexity and area overhead. In the design example,
the area consumption of the compensation capacitors and resistors is as big as the FCA core.
In summary, method [6] improves the FCA’s CUE slightly but at the cost of significantly

increased design complexity and area overhead.

5.3. Proposed FCA Output Stage Design for Low Noise, Offset and Power

In this section, we summarize the desired features of an effective FCA output stage. Based
on the desired features, a conceptual FCA output stage design is presented. Then, actual circuits

are designed to implement the conceptual FCA output stage.

5.3.1 Desired features and conceptual design of a FCA output stage

A conceptual single-stage FCA design with desired features of its output stage is shown in
Figure 5.3. As widely known, the FCA’s input stage has a fixed trade-off among noise, power
and speed. The input stage’s transconductance, gm, is set to GBW*C_L to meet the GBW
specification, where Cpis the FCA’s load capacitor. In addition, the gm must be large enough
to meet the FAC’s noise specification, as shown in (5-2). Assuming that the thermal noise
dominates the FCA’s total noise, it can be found that the input pair’s gm needs to be larger
than 16*k*T*m/(3*Vni spec?), Where K, T and Vnispec are respectively the Boltzmann constant,

the operation temperature in Kevin, and FCA’s input referred voltage noise specification. Also,

www.manaraa.com



105

m represents the ratio of the FCA’s total noise power to the noise power from the input pair.
Therefore, the input pair’s gm needs to be large enough, as shown in (5-3) to meet both GBW
and noise specifications. With a constant gm/Ipo (gm efficiency) design strategy, the input pair’s tail
current (li1) can be easily found as 2*gm,spec/gm,efficiency-

16KT * m
3V?2

ni,spec

8m,spec = max( , 2 x GBW * Cp) (5-3)

Input stage Desired output stage

1 Large Aj tran

1 Infinite Rout

VOUt

. Vin
&n_”IA Yy in ‘ Zero Power I)outI
05lim o A\ ‘ Zero Noise ICL

0.50 4
LI
Fixed noise, power, ‘ Zero Offset

speed tradeoff

Figure 5.3: Desired features of a FCA’s output stage

The FCA’s output stage takes the input differential current from the input pair and conveys
the current to the output of the FCA. The FCA’s output stage must be able to convey at least
lail to the output in a large signal operation. Ideally, the output stage not only passes the
differential current from the input pair but also amplifies the current and then passes the
amplified current to the output node. That is, we want Ai_tran t0 be large, where Ai_tran IS the
ratio of the output current (lout) to the input differential current (lam) in the large signal
operation. In a small signal operation, lsm is converted to output voltage by the output stage’s
output resistance, Rout. Ideally, Rout should be infinite to generate infinite DC gain. In addition,

ideally the FCA’s output stage should contribute zero offset and noise (m=1), and consume
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zero bias current. In summary, a desired FCA’s output stage should have a large A;_tran or a
large current conveyance capability, a very large Rout, Zero power consumption, zero noise and
zero offset contribution. However, meeting these requirements altogether is usually very
difficult because a large current conveyance capability typically requires a large bias current
in the output stage, while a large bias current not only increases the FCA’s power consumption,
noise and offset voltage but also reduces FCA’s Rout. Clearly, tradeoffs need to be made among
a sufficiently large current conveyance capability, a sufficiently large Rout, minimal noise,
minimal offset and minimal power consumption.

To mitigate the tradeoffs above, a conceptual FCA design with the proposed output stage is
shown in Figure 5.4. The basic idea is to decouple the large-signal and small-signal operations.
The large-signal path determines the current conveyance capability. This path is normally off
so that this path needs zero bias current and contributes zero noise and zero offset. On the other
hand, the small-signal path is always on with minimal bias current so that power, noise and
offset caused by this path are also minimized. The gain is also maximized. A circuit

implementation of the conceptual design is discussed in the following sections.

Input stage Desired output stage

Large
signal

Current
conveyance
capability

Rout, power,
noise, offset

signal

Fixed noise, power,
speed tradeoff
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Figure 5.4: A conceptual design of a FCA output stage

5.3.2 Proposed FCA core amplifier design

For a differential-input single-ended output FCA, a differential-to-single-ended conversion
circuit needs to be implemented in the FCA. The two types of the differential-to-single-ended
conversion circuits with a PMOS input FCA are shown in Figure 5.5. Figure 5.5(a) implements
the conversion by a top PMOS current mirror, whereas Figure 5.5(b) implements it by a bottom
NMOS current mirror. The two FCASs are analyzed and their advantages and disadvantages are
discussed.

The FCA in Figure 5.5a) is the most conventional design for a PMOS input FCA. In the
signal path from Vin+ to Vo, there are three low impedance nodes including nodes @), (2), and
(@). The impedances of these nodes are respectively 1/gm7, 1/gms and 1/gmio. These nodes’
impedances are sensitive to the cascode stage’s bias current, A*Isil. In the signal path from Vin.
to Vo, there is only one low impedance node, node (5). This node’s impedance is 1/gms, which
is also very sensitive to the cascode stage’s bias current. Therefore, all the nondominant poles

in Figure 5.5(a) are highly dependent on the cascode stage’s bias current.
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Figure 5.5: A PMOS input FCA with differential-to-single-ended conversion on a) PMOS
side b) NMOS side

After writing and solving the KCL equations at nodes (0)~(5), the transfer function from the
FCA’s input to the output is calculated as (5-4), where Ciis the parasitic capacitance at node i
and gmi is the transconductance of transistor M. There are three nondominant poles and two
zeros in the transfer function. One pole is always located at gm7/C1. The rest two nondominant
poles/zeros can be either complex or real poles/zeros, depending on whether gm10/C4<4gms/C>

or not. When gmi10/Cs<4gms/C2, the complex pole pair’s natural frequency is

V8ms8m10/(C,C,) , whereas the complex zero pair is /2g8ms8mi10/(C2Cy) . |If
Om10/Cs>4gms/C2, the nondominant pole at gmi0/C4 cancels out the zero at the same frequency.
The remaining nondominant poles are at frequencies of gms/C2, gm7/C1 and the rest zero’s
frequency is 2gms/Cz. In summary, regardless of whether the zeros or the poles are complex
or real, the frequencies of the nondominant poles and zeros are highly sensitive to the cascode
stage’s bias current but are independent of tail current. The smaller the bias current of the
cascode stage is, the lower the frequencies of the nondominant poles, zeros and phase margin

are. This fundamentally limits the lower boundary of the bias current of the cascode stage.

I O vk - i
Hemen = 1+ s%) (1 + s%) ER Buo ;1 BmeBmio (5-4)
TFeastrca = - S%) (1 + S%) * e gél:g <t gIE:gélsng (5-5)

The alternative FCA design in Figure 5.5(b) mitigates the dependency of the nondominant
poles on the cascode stage’s bias current. On the signal path from Vin+ to Vo, there are still

three low impedance nodes including nodes (1), 2), and (). As the minimum drain current of
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transistor M3 is 0.5* i1, the nondominant pole at node (2), gms/Ca, is always at a very high
frequency even with zero cascode bias current. So, the pole is not very sensitive to the low bias
current in the cascode stage. After writing and solving the KCL equations at nodes ()~(5), the
transfer function from the FCA’s inputs to its output is calculated as (5-5). One nondominant

pole is always at gm7/C1. When gms/Cs<4gm4/C>, the rest two nondominant poles are complex

poles with a natural frequency of \/g48ms/(C,Cs), Whereas two zeros are complex zeros

with a natural frequency of /2gm48ms/(C,Cs). As can be seen, the natural frequencies of

complex poles and zeros are proportional to /g4, and gma is proportional to /Iy + 0.514;

instead of \/T,. Therefore, when Iy is much smaller than I, the frequencies of the two
nondominant poles and two zeros of the alternative FCA are considerably higher than the
conventional FCA, especially considering that NMOS transistors’ mobility is also about 2~3X
of PMOS transistors. When gms/Cs>4gma/Co, the two zeros and two nondominant poles of the
alternative FCA become real zeros and poles. Consequently, the nondominant pole and zero at
a frequency of gms/Cs are cancelled out. The frequencies of the remaining nondominant pole
and zero are respectively gms/C2 and 2gma/Co, which are at much higher frequencies than the
conventional FCA’s pole and zero (gms/C2 and 2gms/C»).

The superior speed of the alternative FCA is also confirmed by the simulation results of the
two FCA design examples in the 180nm CMOS process. The first design example uses a
conventional FCA structure, whereas the second example uses the alternative structure.
Because of the speed difference between the two FCAs, the two FCAs are renamed as slow
and fast FCAs respectively. The simulated frequency and transient responses of the fast and

slow FCAs are shown in Figure 5.6 and Figure 5.7. The fast FCA has a higher phase margin
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and a slightly higher GBW. The transient responses of the two design examples are shown in

Figure 5.7. Other performance of the two design examples are summarized in Table. 5.1.

In addition to a faster speed, the fast FCA structure also reduces the amount of bias voltages

by one because Vb4 is no longer needed and Vo1 is shared with the tail current bias in the fast

FCA. Furthermore, the negative slew rate of the fast FCA does not depend on the cascode

stage’s bias current, whereas the slow FCA does. Because of its advantages in less biasing

circuits and a faster speed, the fast FCA structure is chosen as the core amplifier for the

proposed FCA.
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Figure 5.6: Frequency responses of the conventional fast and slow FCA
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Table 5.1: Performacne summary of the designed conventional slow and fast FCAs

Conv slow FCA Conv Fast FCA
Gain (dB) 80 80
GBW (MHz) 1.9 2.1
Phase Margin(degree) 71.4 82
0.1% settling time (us) 0.778 0.719
0.01% settling time (us) 1.31 0.811
Vno (0.01~100KHz) (uV) | 49.3 49
Vno (0.01~2MH2z) (uV) 138.4 138.4
Isupply (UA) 5 5
CL (pF) 1 1
Transient Response
11 [——FastFCA — Slow FCA — Input Voltage |
0.9
0.8
S
© 0.7
8
=
> 0.6
0.5
0.4
0 1 2 3 4 5 6 7

time (us)

Figure 5.7: Transient responses of the fast and slow FCA

5.3.3 Proposed FCA output stage design

5.3.3.1  Operation Principle

The conceptual design of the FCA’s output stage and the findings about the FCA core
amplifier design enlightens the proposed FCA design shown in Figure 5.8. The proposed FCA
consists of a fast FCA core and an additional turn-around stage. The turn-around stage is

normally off and is only activated during the FCA’s positive slewing phase. Such design allows
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the FCA’s current conveyance capability to be greatly enhanced during the positive slewing
phase while at the same time keeping the bias current consumption of the turn-around stage to
be a minimum and generating very low noise and offset voltage. As a result, the bias current
of the FCA’s cascode stage can be reduced to a current much smaller than It The cascode
stage’s bias current is annotated as a* ltil, where lyil is the drain current of transistor MO. The
smaller « is, the less the noise, offset voltage and power consumption of the FCA are. However,
a cannot be indefinitely small because it affects the frequencies of the nondominant pole
associated with node Vy as discussed earlier. Therefore, a proper value of @ must be selected.

In this design, a=1/12.

vdd  a *Itail U TgFitail | 150 =0
[} [}

5 H RV H m:1 H
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o M20
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:
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Vx |
M4 | M14 |—o—| M15
AsA, i 1:n EI
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Fold cascode amplifier core Additional turn-around stage

Figure 5.8: Schematic of the proposed FCA with a new turn-around stage
In the proposed FCA, there are two signal paths from the FCA’s inputs to output. The first

signal path, as shown by the blue lines, always conducts signal current to the output node
whenever a differential input voltage exists. But the second signal path, as marked by the red

lines, is activated only when Vig>Von or AVx >AVyxon. Vid is the differential input voltage. AVy
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is the voltage change at Vx node upon application of Viq at the input pair. Von and AVyon are
respectively the threshold voltages of Vi and AVy required to activate the turn-around stage.
The details about the workings of the signal paths are discussed below.

Transistor M13 is designed to be of twice the size as transistor M8 but with the same bias
current. As a result, M13 works in the triode region in the quiescent operation, which leads to
a low drain source voltage for M13 or makes Vy approximate Vx. When the DC bias voltage
of Vy is kept less than transistor M14’s threshold voltage, transistor M14 works in the cutoff
region so the turn-around stage is also off in the quiescent operation.

However, upon application of a positive differential input signal, Viq, the source voltage of
transistor M13 would increase by AVy. Transistor M13 stays in the triode region and the turn-
around stage remains off before Vig and AVx become as big as Von and AVxon respectively.
When Vis=Von and AVx =AVyon, the operation region of transistor M13 transits from the triode
region to saturation region. Once transistor M13 works in the saturation region, any Vig>Von
will quickly raise the gate voltage of M14 and turns on the turn-around stage. Therefore, the
boundary between the enabling and disabling of the turn-around stage can be approximately
marked by the transition of M13’s operation region from the triode region to saturation region.
At the transition point, the drain currents of M8 and M13 are respectively expressed as (5-6)
and (5-7), where Bg = u,CoxWs/Lg and B;3 = 1,CoxW;3/Li3. Also, Vogs and Algg are

respectively M8’s overdrive voltage and drain current change. By dividing (5-6) by (5-7) and
substituting B3 = 2Bg, it is found that Al4g = —% * lai = —iltaﬂ and AVy,, = (1 -

\/2_7) Voas = 0.3V,4s. At the transition point, M14 is still off and the drain current change of M8

comes from the input differential pair. Therefore, the input referred turn-on voltage, Von, for

the turn-around stage is derived as (5-8) by solving the KCL equation at M13’s source node.
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In (5-8), gm1 and Voq1 are respectively the transconductance and overdrive voltage of transistor
M1. Also, As and Az are respectively the aspect ratios of transistors M4 and M3. In this design,

A4/Az=8/7. Therefore, Von is found to be about 3mV, assuming that Vg1 is in the neighborhood

of 70~80mV.
2
(Vod8 - AVx,on) * 0-588 =Q* Itail + AId8 (5-6)
2
(Vod8 - AVX,on) *0.5B13 = a * I (5-7)
1
V _ Aldg ﬁ Itail V0d1
on — — = =
Bmi(1 A2}  ltai (As Ay (5-8)
2L (1+ A3) AV (A3 +1) 12+ (A3 +1)

When Viq increases to a point that Vig>Von, transistor M14 turns on, transistor M13 works in
the saturation region, and the negative feedback loop formed by M11 and M13- M14 is
activated. As a result, AVy stays as AVxon regardless of the differential current from M1 and
M2, lam, because the negative feedback loop makes M14 compensate lam. Therefore, in the
positive slewing phase, the drain currents of M8 and M14 respectively become 0.5a * I;,; and
Leait(1 — a* A, /As + 0.5a). The drain current of M14 is then amplified four times to pass to
the output to charge the load capacitance. This enhances the positive slew rate of the FCA.
Once the FCA’s output voltage decreases to a point that Vig<Von, the FCA’s turn-around stage
gets deactivated and M13 returns to work in the triode region.

As noted in the above operation, transistor M8 always holds half of its quiescent bias current
in the positive slewing phase, which prevents M8 from ever turning off and keeps the voltage
change at Vx to be very small. As a result, the input transistor M1 does not work in triode
region in the slewing phase. Therefore, although the proposed FCA has an extremely small

cascode bias current, it does not require a long time to recover after the slewing phase
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completes, since a long recovery time is generally caused by either transistor M8 working in
the cutoff region or transistor M1 working in triode region.

In the negative slewing phase, transistor M2 steers all the tail current into transistor M3, and
then transistor M4 passes the mirrored current to discharge the load capacitor via transistor M8.
In the slewing phase, transistors M8 and M10’s drain currents are [As/As*(a+1)- a]*lwi and
a* il respectively, which results in a net discharging current of [As/As*(a+1)- 2a]* lil to the
load capacitor. The discharging current is slightly larger than that of the conventional FCA.
The conventional FCA’s discharging current is It When its cascode bias current is larger than

0.5*l1ail.

5.3.3.2 Frequency Response Analysis

Jdss

Jds7

~tom 1| - *@ | >—

0<CL=
s I
“Om1

v

Figure 5.9: Small signal block diagram of the proposed FCA

In order to understand the frequency response of the proposed FCA in Figure 5.8, its small
signal block diagram is drawn in Figure 5.9. By writing KCL equations at nodes V1, V2, Vx
and V,, equations (5-9) to (5-12) can be obtained, where gmi is transistor M;’s transconductance.

gi and C; are respectively the impedance and parasitic capacitance at node i. After solving these
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equations, the transfer function from the FCA’s inputs to its output is derived as (5-13),
assuming that the transistors’ transconductance are much larger than their conductance. Then
(5-13) is rewritten as (5-14) and further simplified as (5-15) after substituting the expressions

(5-16) into (5-14). The expressions of g1, 2, g, g, C1, C2 and Cx are shown in Table 5.2.

Table 5.2: Expressions of the conductance and capactance in the proposed FCA

01=0ds2+0ds3 C1=Cab2+Cqdo+Cab3+Cgdz+Cqgs7

gzzgdSEstglng Co= Cgszt Cgazt+ Cgsat Cyda

0x=gds1+0dsa+ds11 Cx= Cdb1+Cgd1+CabstCqdatCqgsst Cgs13+Cgdra+Cqdi4
gL~Qds6Jds10/gm10+(Qds1+Jds4) Jdse/Oms

Vig i
% *gm1 + Vi(g1 +5C1) + 8m7Vi + 8as7(Vi = Vo) + Vo x g3 =0 (5-9)
Vi *gm7 + (V1 —V3) * gg57 — Va(g2 +5C) =0 (5-10)
Via = 5-11
V, * 8ma + Vx(8ms + 8dss + 8x + 5Cx) — Vo * s _7*gm1 =0 (5-11)
Vo (gL + 8dss T SCL) = Vx(gms + gdss) (5'12)
& N 0.5 * 8m1 * 8ms . s?C1C2 + 8m7SC; + (8m3s + 8m4a)Em7 .
Via (8L +5C0)(@ms + 5C0)  52C1Cy + EmrSCo + Bmalmy (5-13)
8m1 2, 8m7 (8m3 + 8ma)8m7
Vo _ 2g ST OG- 610
T - C C 2, 8m7 gm38m7 >-14
gml
VO 2 * gL SZ + szBWS + klkz(l + k3)GBW2 (5 15)
—_— = E3 -
o A+sg)) (1+ kZGBW)
Em3 8m7 Ems ke 4+ 1
C C 8ma 8m1 K3 5-16
Ky =—2_ k,=—i —_X . —°Mm qpyw_ (5-16)
1= GBW' 2T GBW GBW' 3 g, C, 2

As can be seen from (5-15), there are four poles and two zeros in the system. The locations
of all the poles and zeros in the system are shown by (5-17), (5-18), (5-19), (5-20), (5-21) and

(5-22). Because the drain current of M7 is much smaller than that of M3, which makes ki>ko
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2
and (%2)" < k,k,, the poles and zeros (Pndz, Pnd3, Zna1 and Zng2) are complex poles and zeros.
2

The distribution of all the poles and zeros of the system in S-plane is shown in Figure 5.10.
The complex poles have a lower natural frequency and a lower Q-factor compared to the
complex zeros. But the complex poles and zeros are close to each other, so the phase drop due
to the complex poles and zeros are small in this design. The phase drop caused by the complex

poles and zeros is calculated as (5-23).

'y Im
anl O g
I:)nd2 X
S-plane
Pna1 Pa
a3 > -
Re
I:)nds X
an2 O

Figure 5.10: Poles and zeros distribution of the proposed FCA
gL

P, = — 2= -

i = (5-17)

Pady = =2 = —k; * GBW (5-18)
X

2

k k
Paaz = —GBW + [ =2 — (72) — Kk, (5-19)

(
o

k k

Pos = —GBW « | 2 + (72) _ Kk, (5-20)
k k,\?

Zngs = —GBW x| =2 = (72) — k(1 + k) (5-21)
k k,\?

Zndz = —GBW x 72 + (72) — Kk, (1 + ks) (5-22)
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¢ = —tan™! {L} + tan™?! { K }
k1k2 - 1 k1k2(1 + k3) - 1

1 k k
PM =90 —tan™?! (—) —tan™! {—2} +tan~?! { 2 }
k2 Kk, — 1 KKy (1 +kg) — 1
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Figure 5.11: Phase drop due to complex poles and zeros vs. ki and k>
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85 r T 7177
RS,
80 =
5 s Z k1=2*k2 ||
g = k1=3*k2 |
@ 70 7 — K1=4%2 ||
o 72 k1=5*K2 ||
S ol M —Kk1=6*k2 |
o 65- /-
©
o 60
O 7/
55/
50
2 3 4 5 6 7 8

ke=g,_/C,/GBW

Figure 5.12: The proposed FCA’s PM vs. ki and k2

(5-23)

(5-24)

The dependency of this phase drop on the ratio of k» to the FCA’s GBW is also shown in

Figure 5.11. As can be seen, the phase drop is less than 9° even when k>=2 and ki1=2*k.=4. In
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this design, ki and ko are about 3.5 and 2. Therefore, the expected phase drop due to the
complex poles and zeros is about 5°. The FCA’s phase margin is calculated as (5-24) and its
dependency on the ratio of kz to the FCA’s GBW is shown in Figure 5.12. As can be from

Figure 5.12, the expected phase margin of the proposed FCA is about 70° at k;=3.5 and k»=2.

5.3.3.3  Noise Analysis

Itail a*ltail  vdd «a*ltail a*ltail

M7 |—IV\”L| [ve c M13 ﬁ“

Figure 5.13: Noise model for the proposed FCA
As the proposed FCA’s bias current for the cascode stage is smaller than the conventional

fast FCA, it is of interest to analyze the noise impact of the proposed FCA. The noise model
of the proposed FCA is shown in Figure 5.13 after neglecting the noise contributed by the
cascode transistors and the transistors working in the cutoff region. The FCA’s output current

noise is derived as (5-25), where a transistor’s voltage noise power is expressed as (5-26). The

8KT K¢
and
38mi W;L;iCoxf

in (5-26) respectively represent thermal and flicker noise. The transistors in

current mirrors are typically sized to have the same length and current density. Consequently,
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their widths and transconductance linearly scale with their bias currents. Therefore, their
voltage noise power is linearly proportional to their bias currents, whereas their current noise
power is inversely proportional to their bias currents, as shown in (5-26) and (5-27). As a result,
the noise expression in (5-28) can be established. After plugging (5-28) into (5-25), the

equation (5-25) is simplified as (5-29). Equation (5-29) is further simplified as (5-30) by
neglecting 21—;(k3 — 1)2 because this term is much smaller than I2; (k2 + 2). Therefore, the

input referred voltage noise power of the FCA is derived as (5-31).

2 ngenO (@ _ ) gm4
[ho,prop = 4 g 1) + (gm3en3 + gmzenz + gmsens) * = gm3 (5-25)
+ (ghalhns + 8mi€h1 + gm6en6 + gm11€a11)
Z 8KT K 1
Eni _ L S (5-26)
Af 3gmi Wi]-‘icoxf Ibias
e2gZ. g i*8KT g2.xKs

12_ — niomi — mil mi I . 5_27
ni Af 3 + WiLiCOXf X bias ( )
11215 = 12 =I5 = Oanr Ih = Iz 11213 Iha/ks (5-28)

12
Ifo,prop & 4%)5((1% — 1?2 + (153 + I3, +135) * k5 + (k3l3s + 13, + 2135) (5-29)
LRoprop = I51 * (1 +Kk3) 4+ 133(ks + k3) +135(2 + k3) (5-30)
V2 = 130, prop Zox(1+K3) + 125(ks + k%) +125(2 + k3) (5-31)
M 0.5 * gq * (ks + 1)]2 0.5 % gnq * (kg + 1) * GBW * C,
GBW 1+ k2 12, (ks + k3 12.(2 + k3
V2 = V2 T [nl*( +Kk3) + I25(ks + k3) + 125(2 + k3)] (5-32)
2%2m 2gm1 * (kg +1) xCp,
5 4KT[(1+k)+a(k3+k)+b(2+k)] 2KT
Vno thermal = (5-33)
' 3 (ks + 1)C,, Cy
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4KT , ,
2 3 " [2 +281m3/8m1 + 28ms/8mil
Vno,thermal,conv = 2C, (5_34)
4KT 4 r+ 0.5 4 I‘] 3.2KT
= * * * —| =
3CL AT 05 a Cy

When this proposed FCA is placed in the positive unity gain buffer structure, the equivalent
rectangular noise bandwidth of the FCA is w/2*GBW/(2r)=GBW/4, where GBW =
0.5gm1(ks + 1)/C.. Therefore, the in-band output referred voltage noise power is calculated
as (5-32), in which the dominant noise source for a wideband FCA is the thermal noise. The
in-band thermal noise is calculated as (5-33). This equation suggests that a, b and k3 should be
minimized to minimize the in-band thermal noise for a given load capacitor. In this design,
a=Qgm3a/gm1=0.4, b=gms/gm1=0.07 and k3=gma4/gm3=8/7. As a result, the proposed FCA’s in-band
thermal noise is calculated as 2KT/C or 91uV at T=300K and CL=1pF after plugging a, b and
k3 into (5-33).

Similarly, the thermal noise of the conventional FCA counterpart in Figure 5.5(b) is found
as (5-34), where gms and gms are respectively the transconductance of transistors M3 and M5

in the conventional FCA counterpart. With a typical bias current of r*1tii=0.67*lwi for the

. , . ! +0.5 !
conventional FCA’s cascode stage, it can be found that 822 = 3 + == and Ems = p« 2 Asa
gm1 o+0.5 gm1 o

result, the integrated thermal noise voltage of the conventional FCA is obtained as 3.2KT/CL
or 115uV at T=300K and CL=1pF after plugging a=0.4, b=0.07, a=1/12, and r=0.67.
Therefore, compared to the conventional FCA, the proposed FCA is expected to reduce the in-

band noise voltage by 21% or 2.03dB.
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5.3.3.4  Offset Voltage Analysis

The variance of transistor M;’s threshold voltage and AB;/B; are expressed as (5-35), where
Bi=UCoxWi/Li. In addition, A%,; and A%, are mismatch coefficients, fixed parameters for a given

process, of transistor Mi’s threshold voltage and feature sizes. Transistor M;’s drain current
variation caused by its random mismatch is shown in (5-36), where lqi and Vi are respectively
the transistor Mi’s quiescent current and overdrive voltage. Based on the sizing strategy of the
fixed current density for transistor M;, Equation (5-37) shows that Mi’s drain current variation
is proportional to its bias current. The larger the bias current is, the larger the drain current
variation is.

The input referred offset voltage of a FCA can be analyzed in a similar manner to how noise
is analyzed in section 5.3.3.3. The proposed FCA’s output current variation caused by the
mismatches of the transistors (M1-M6) and M11 is derived as (5-37). Therefore, its input
referred offset voltage, Vosprop, is calculated as (5-38). In (5-38), ¢ = 123/1%,; and d =
12,5 /12,. Similarly, the input referred offset voltage for the conventional FCA, Vosconv, in
Figure 5.5(b) is calculated as (5-39), in which r=0.67 and a=1/12. Compared t0 Vos,conv, it is
clear that Vos prop is Smaller due to the reduced offset contribution from transistors M3 and M5.

This is also confirmed by the Monte Carlo simulation results shown below.

2 2
Oothi = % , o2 (AB—[?) = VI\X/iLi.i (5-35)
2. = 62, g2 + g2 (A_Bi> 2 = (Aziv§d+4é\§hi)1§i i (5-36)
Bi WiLiVey; W,
12 out = 1261 * (1 + k2) + 125 (k3 + k2) + 125(2 + k2) (5-37)
L2+ [(1+K3) 4 ox (ks + k2) +d * (2 +K3)] (5-38)

V2
os,prop [()_5 * goq ¥ (k3 + 1)]2
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21351 I(2)53 I(Z)SS
~ ——(1+ c+ 1.5d); C=12—;d=12—
m1 os1 os1l
Z(Icz)sl + I553 conv + Icz)ss conv) 21(2)51 r+ 0.5 r
Vozs conv — ’ 2 : = (1+cx +dx*-) (5-39)
’ 851 851 a+ 0.5 o

5.4.Simulation Results for Proposed FCA vs. Conventional Fast FCA

In order to confirm the effectiveness and robustness of the improved current utilization
efficiency brought by the proposed FCA, two design examples are implemented in the 180nm
CMOS process. The first design example is the conventional (conv.) fast FCA shown in Figure
5.5(b). The second design example is the proposed (prop.) FCA shown in Figure 5.8. Extensive
simulations under various process corner variations, mismatch variations and process corner
plus mismatch variations are conducted to compare the two design examples. The purposes of
the simulations are twofold: a) to verify that the proposed FCA largely improves the FCA’s
current utilization efficiency (CUE); and b) to verify that noise, offset voltage, and gain are
also improved as byproducts from improvement in the FCA’s CUE.

All the simulation results below are collected with the design examples placed in a
noninverting unity gain buffer configuration with a load capacitor of 1pF and supply voltage
of 1.8V. The nominal bias currents of the proposed and conventional op amp are respectively

3.5pA and 1.88pA but with the same tail current of 1.5pA.

5.4.1 Typical corner simulation results

54.1.1 Frequency Response

The frequency responses of the proposed and conventional FCAs are shown in Figure 5.14.

The DC gain of the proposed FCA, 89.7dB, is about 8dB higher than that of the conventional
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FCA, 83.5dB. The two FCAs have almost the same GBW of 2MHz. The phase margins of the

conventional and proposed FCA are respectively 74° and 70°. The simulated PM of the

proposed FCA agrees very well with the theoretical calculation in Section 5.3.3.2. The slight

phase margin difference is caused by a much lower bias current in the proposed FCA’s cascode

stage. In the two design examples, the cascode stage’s bias currents in the proposed and

conventional FCA are respectively 0.083 times and 0.67 times of lir.

Frequency response of prop. FCA
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Figure 5.14: Frequency responses of the proposed and conventional FCAs
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54.1.2 Noise Performance

The simulated noise performance of the two FCAs are shown in Figure 5.15. For example,
the noise densities of the proposed and conventional FCAs at 100KHz are respectively
68nV/sqrt(Hz) and 88.4nV/sqrt(Hz). The noise reduction of the proposed FCAs is a natural
byproduct of the bias current reduction in the cascode stage. The total integrated noise from
0.01Hz to 2MHz (FCA’s GBW) for the proposed and conventional FCAs are respectively
93.2pV and 127.4pV. That is to say, compared with conventional FCA, the proposed FCA

reduces noise by 27%.

x10™ Noise performance
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Figure 5.15: Noise performance of the proposed and conventional FCAs
5.4.1.3  Transient Response
Figure 5.16 shows the step responses of the two FCAs with an input step voltage of 0.6V.
As expected, the positive slew rate (SR+) of the proposed FCA is larger than the conventional
FCA due to its inclusion of a turn-around stage. The positive and negative slew rate (SR+ and
SR-) of the proposed FCA are SR+prop =+5.84V/us and SR-prop =-1.49V/s, whereas those of

the conventional FCA are SR+cony =+1.1V/us and SR-conv =-1.34V/ps. That is to say, the
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positive and negative SR improvement brought by the proposed FCA are 5.3 times and 1.1
times. The average SR improvement of the proposed FCA is 3.67 times. The simulated SR+
improvement is slightly higher than the calculated improvement factor of 4, due to length
modulation effects of the current mirror M14-M15. The simulated SR- improvement matches
very well with the theoretical calculation.

Transient Response

---------------------------------

| Prop FCA _— Conv FCA — Input Voltage }
1
\
0.9
~ 0.8
2
é-} 07 f
[e)
= 06
0.5
0.4
0 1 2 3 4 5 6 7
time (us)

Figure 5.16: Transient responses of the proposed and conventional FCAs
In addition, the settling times for the two FCAs are respectively 0.5us and 0.75us with an

accuracy of 0.1% (Ts_0.1%) and 0.72us and 1.08us with an accuracy of 0.01% (Ts_0.01%).
Therefore, the average Ts_0.1% and Ts_0.01% of the proposed FCA are both shorter than
those of the conventional FCA by 34%. These simulation results match with the theoretical
calculation results for 0.1% (7/GBW) and 0.01% (9/GBW) accuracy on settling time. This
confirms that a long recovery time is not needed by the proposed FCA though its cascode bias

current is much smaller than its tail current.

www.manaraa.com



127

5.4.1.4  Performance Summary for Typical Corner Simulation

The performance of the two design examples are summarized in Table 5.3. Both the
proposed and conventional FCAs have the same tail current of 1.54A, but the total bias currents
of their cascade stages are respectively 2uA and 0.38pA. As a result, their supply currents are
respectively 1.88A and 3.5pA, and their current utilization efficiency (CUE) are respectively
80% and 42%, where CUE is defined as the ratio of the tail current to the FCA’s supply current.
Therefore, compared with the conventional FCA, the proposed FCA increases the CUE by 2
times, enhances the average slew rate by 3 times, reduces Ts_0.1% and Ts_0.01% by 34%,
and reduces the in-band noise by 27%.

Compared with the conventional FCA, the proposed FCA improves the small signal figure
of merit (FOMs) and the large signal figure of merit (FOML) by 2 times and 5.5 times
respectively. The FOMs and FOML shown in (5-40) are used to compare op amps’ GBW and
slew rate per unit supply current and have been used as a conventional measure to compare op
amp performance. The general idea is that an op amp with a larger FOMs and FOML_ tends to
work faster for a given supply current budget and a given load capacitor. However, because
neither FOMs nor FOM_ contains the settling between the fastest large signal slewing and small
signal settling, this general idea may not be valid in some cases. For example, some op amps
with a slew rate enhancement (SRE) circuit have three slewing phases. In the first slewing
phase, the SRE circuit is not activated. In the second slewing phase, the SRE circuit is turned
on to enhance slew rate. In the third phase, the SRE circuit is deactivated followed by a small
signal settling. In the second slewing phase, some op amps may work in highly nonlinear
regions, where the op amp’s internal voltages and currents deviate far away from the op amps’

internal voltages and currents in a quiescent status. As a result, a long recovery time may be
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needed to recover the internal voltages and currents to their quiescent status. However, this
long recovery time cannot be captured by either FOMs or FOM_. Therefore, we propose a new
figure of merit to compare op amps’ normalized settling time because a normalized settling
time is the ultimate speed requirement for a system. The proposed figure of merit is also able
to capture slow settling behavior such as long recovery times. Equation (5-41) shows the
expression of the settling time figure of merit (FOMts_xs%) with a settling accuracy of x%, where
Ts x% is the op amps’ settling time with x% settling accuracy in a noninverting buffer
configuration. The values of x can be 1, 0.1, 0.01 and 0.001 depending on the targeted
application settling accuracy requirement. The larger the FOMTs xu is, the faster the op amp is.
Compared with the conventional FCA, the proposed FCA improves both FOMrs 0.1 and

FOMTs 0.01% by 2.8 times.

FOM, = o CL gy, = SR G (5-40)
s supply ' b supply
CL
FOMrg 4oy = =————— ,x=1,0.1,0.01 ... 5-41
Ts_x% TSX% " Isupply X ( )
_ Vr?i,total
FOMpoise = Vz— (5-42)

niinput pair

In order to fairly compare the noise performance of op amps, we would also like to define a
noise figure of merit, FOMnoise, Whose expression is shown in (5-42). The purpose of FOMnoise
is to identify the percentage of the integrated noise contribution from the input pair to the total
integrated input referred noise. If all the noise of an op amp comes from the input pair, then
FOMnoise=1. A larger FOMnoise represents more noise coming from devices other than the input
pair, which signals poorer noise performance of an op amp. In the two designed FCAs, the
FOMnoise Of the proposed and conventional FCAs are respectively 2.6 and 5, meaning that the

FOMnoise Of the proposed FCA is improved by 2.45 times compared with the conventional
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FCA. As discussed, this noise performance improvement is a natural byproduct of reducing

the cascode stage’s bias current.

Table 5.3: Performance summary of the proposed and conventional FCAs

Output Unit Prop. Conv.
GBW MHz 2.14 2.04
PM degree 70 74
DC Gain dB 89.69 |835
Isupply HA 1.88 35
Iwaste HA 0.38 2
Itail HA 1.5 1.5
Iwaste/Itail % 25.26 [ 1335
Current utilization efficiency (Itail/lsupply) % 80 42
SR_avg V/us 3.67 1.2
0.1% Settling time @Vstep=0.6V HS 0.5 0.75
0.01% Settling time @Vstep=0.6V HS 0.72 1.08
Vni @ 100KHz nV/sqrt(Hz) 68.04 |88.4
Vni integrated to 2MHz uv 93.12 |[127.4
FOM; pF*MHz/pA | 1.14 0.56
FOML pF*V/pA-ps | 1.95 0.35
FOMTs 0.1% PF/UA-us 1.07 0.38
FOMTs_o0.01% PF/UA-Us 0.74 0.26
FOMnoise(total noise/input pair noise) (VIV)? 2.6 5

CL pF 1 1
Vsupply \ 1.8 1.8

5.4.2 Process corner and temperature variation simulation results

In this section, the designed two FCAs are simulated under process corner and temperature
(P.T.) variations ranging from -40°C to 85°C. The purposes of the simulations are twofold: a)
to verify the robustness of the proposed FCA under P.T. variations; and b) to confirm the

advantages of the proposed FCA under P.T. variations. Simulations of the designed FCAs are
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set up to cover frequency response, transient response and noise performance since it is known
that these are the elements that are commonly impacted by P. T. variations. The independent
process corners variations and temperature variations are listed in Table. 5.4. In total, there are

25 simulation setups including 1 typical corner and 24 combinations of P.T. variation.

Table 5.4: Simulation setup with process corner and temperature variation

Typical | Corners

Temperature 27°C -40°C, 27°C and 85°C
Low Vth MOS | tntp snsp, snwp,wnsp,wnwp
High Vth MOS | tntp snsp, wnwp

54.21 Frequency Response

Frequency response of prop. FCA under P.T. variation
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Figure 5.17: Frequency responses of the two FCASs a) proposed b) conventional
Figure 5.17 shows the frequency responses of the proposed and conventional FCAs under

P.T. variations. The (min, typ, max) of the proposed FCA’s simulated DC gain, phase margin

(PM) and GBW are respectively (83dB, 89.7dB, 89.7dB), (66.4°, 70°,72.5°) and (1.76MHz,
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2.14MHz, 2.4MHz). On the other hand, the (min, typ, max) of the conventional FCA’s
simulated DC gain, phase margin (PM) and GBW are respectively (80dB, 83.5dB, 83.5dB),
(73.7°,74° ,74.5°) and (1.7MHz, 2.0MHz, 2.2MHz). The variations of DC gain, PM and GBW
of both conventional and proposed FCA are small. The lowest DC gain of the proposed FCA
is captured in the corner of fast NMOS when T=85°C. In this corner, transistor M14 in Figure
5.8 is weakly on, which consequently reduces the output impedance of the FCA. Nevertheless,

the DC gain of the proposed FCA is always higher than the conventional FCA.

5422 Noise Performance

x10™ Noise performance under P.T. variation
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Figure 5.18: Noise performance of the prop. and conv. FCAs under P.T. variation
The simulated noise performance of the proposed and conventional FCAs under P.T. variations

are shown in Figure 5.18. The input referred voltage noise densities of the proposed and
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conventional FCAs are respectively 55.7~87.5 nV/sqrt(Hz) and 72.3~115nV/sqrt(Hz) at a
frequency of 100KHz. The integrated noise from 0.01Hz to 2MHz of the proposed and
conventional FCAs are respectively 76.7~118.9uV and 104.6~161.1uV. Therefore, both the

minimum and maximum of the proposed FCA’s integrated noise are 26% lower than the

conventional FCA.

5.4.2.3  Transient Response

Transient Response under P.T. variation
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Figure 5.19: Transient responses of the prop. and conv. FCAs under P.T. variation
The transient responses of the two FCAS are simulated in the noninverting unity gain buffer

configuration with an input step voltage of 0.6V under P.T. variations. The simulation results
are shown in Figure 5.19. Both the positive and negative slew rates of the proposed and
conventional FCAs show a very small spread under P.T. variations. This indicates the
robustness of the proposed FCA in its positive slew rate enhancement. This robustness over
P.T. variations is expected because the tail current in the positive slewing phase is amplified
by a well-defined current gain, and then the amplified current is passed to the load capacitor
by the turn-around stage. The mean SRs of the proposed and conventional FCAs range from

3.0~4.4V/us and 1.2~1.24V/ps respectively. Also, the mean Ts_0.1% of the proposed and
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conventional FCAs range from 0.43~0.63us and 0.72~0.78ps respectively. This clearly shows
the speed advantage of the proposed FCA over the conventional FCA. It also shows that the

proposed FCA does not suffer from any long recovery time under P.T. variations.

5.4.24  Performance Summary for P.T. Variation

The performance summary of the proposed and conventional FCAs under P.T. variations is
shown in Table. 5.5. Compared with the conventional FCA, the proposed FCA shows the
advantages in terms of GBW, DC gain, settling time and supply current under P.T. variations.

This clearly demonstrates the advantages and robustness of the proposed FCA.

Table 5.5: Performance summary of the prop. and conv. FCAs under P.T. variation

Proposed FCA Conventional FCA
Output Unit Min Max | Typ | Min Max | Typ
GBW MHz 1.76 2.4 214 | 1.7 2.2 2.04
PM ° 66.4 725 |70 73.7 745 |74
DC Gain dB 83 89.7 |89.7 |80 83.5 |835
SR_avg V/us 3.02 441 |3.67 |12 1.21 | 123
Ts_0.1% @Vstep=0.6V | us 0.43 0.63 |05 0.72 0.78 |0.75
Ts_0.01% @Vstep=0.6V | us 0.64 0.85 [0.72 |0.87 1.03 |0.93
Vni@ 100KHz nV/sqrt(Hz) | 55.7 875 |68.0 |723 113.8 | 88.4
Vno integrated to 2MHz | pVvV 76.7 118.9(93.1 |1046 |161.1|127.4
FOMs pF*MHz/pA | 0.94 1.28 | 114 |0.48 0.63 | 0.56
FOML pF*V/pA-us | 1.6 234 |1.95 |0.345 |0.354|0.352
FOMTs 0.1% pF/pA-ps 0.85 1.23 | 1.07 |0.37 0.4 0.38
FOMTs_0.01% pF/pA-ps 0.62 0.84 |0.74 |0.25 0.28 |0.27
Isupply HA 1.88 3.5
Iwaste HA 0.38 2.0
Itail HA 1.5 1.5
CUE (ltail/lsupply) % 80 43
CL pF 1.0
Vsupply \ 1.8
Process 180nm CMOS
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5.4.3 Mismatch variation simulation results

This section details the results of the two designed FCAs simulated under mismatch
variations via the 500-run Monte Carlo simulation. The purposes of the simulations are twofold:
a) to verify the robustness of the proposed FCA under mismatch variations; and b) to confirm
the advantages of the proposed FCA under mismatch variations. The simulated performance
includes transient response, offset voltage, DC gain and supply current.

The simulated transient responses of the proposed and conventional FCAs under mismatch
variations are shown in Figure 5.20. The slew rates of both the proposed and conventional
FCAs show very small variations under device mismatch variations. The (mean, sigma) of the
slew rate of the proposed and conventional FCAs are respectively (3.66V/us, 0.433V/us) and
(1.23V/us, 0.024V/us). The (mean, sigma) of Ts_0.01% of the proposed and conventional
FCAs are respectively (0.72pus, 0.02us) and (1.08us, 0.02us). In addition to a faster speed, the
proposed FCA also has a smaller random offset voltage. The (mean, sigma) of the offset
voltages of the proposed and conventional FCAs are respectively (-0.14mV, 2.09mV) and (-
0.14mV, 2.95mV). Therefore, the proposed FCA’s offset voltage is decreased by about 30%.
The random mismatch has a negligible impact on the DC gain and supply current of the two
FCAs. Both FCAs have a tail current of 1.5pA. As discussed before, il is determined based
on GBW and noise specifications. Any extra current other than ltil is considered as the FCA’s
wasted current, lwaste. The normalized wasted current (lwaste/ltil) Of the proposed and
conventional FCAs are respectively 25% and 133%. The CUE of the proposed and

conventional FCAs are respectively 80% and 43%.
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Transient Response Under Mismatch Variation
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Figure 5.20: Transient responses of the prop. and conv. FCAs under mismatch variation

5.4.3.1  Performance Summary for Mismatch Variation Simulation

The performance summary of the proposed and conventional FCAs under mismatch
variations is shown in Table. 5.6. Compared with the conventional FCA, the proposed FCA’s
CUE is improved from 43% to 80% by significantly reducing its bias current in the cascode
stage. Due to the significantly reduced bias current in the proposed FCA’s cascode stage, the
integrated noise, offset and gain performance of the proposed FCA are also respectively
improved by 27%, 29% and 6dB. More importantly, the average Ts_0.1% and Ts_0.01% are
also both improved by 34% in the proposed FCA. The significant supply current reduction and
moderate improvement on settling time, noise, offset voltage and DC gain under mismatch

variations clearly demonstrate the advantages and robustness of the proposed FCA.
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Table 5.6: Performance summary of the prop. and conv. FCA under mismatch variation

Proposed Conventional
Output Unit Mean Stdev Mean Stdev
\Vos mV -0.14 2092 | -0.14 2.94
GBW MHz 2.14 0.044 | 2.04 0.033
PM degree 69.78 | 0.606 | 74 0.6
DC Gain dB 89.68 | 0.069 | 835 0.9
SR _avg V/us 3.66 0434 | 1.23 0.024
Ts 0.1% Us 0.50 0.013| 0.75 0.02
Ts 0.01% Us 0.72 0.021 1.08 0.02
Vni @ 100KHz nV/sqrt(Hz) 68.1 0.535| 885 1.85
V/ni integrated to 2MHz | pVv 93.22 0.633 127.6 1.88
FOM;s pF*MHz/uA | 1.14 0.015| 0.57 0.026
FOML pF*V/UA-us 1.95 0.233| 0.35 0.015
FOM7s 0.1% pF/pA-ps 1.08 0.025| 0.38 0.013
FOMts 0.01% pF/pA-ps 0.74 0.019| 0.27 0.011
Isupply A 1.88 0.032| 35 0.19
Iwaste A 0.38 0.005| 2.0 0.177
Itail A 1.50 0.032 1.50 0.032
Iwaste/Itail % 25.26 0.37 134 11.8
CUE (ltail/lsupply) % 80 1.7 42.8 0.16
CL pF 1.00 NA 1.00 NA
Vsupply \ 1.8 NA 1.8 NA
Process 180nm CMQOS

5.4.4 Process corner plus mismatch variation simulation results

In this section, the two designed FCAs are simulated under both process corner and
mismatch (P.Mis) variations via the 500-run Monte Carlo simulation. The purposes of the
simulations are twofold: a) to verify the robustness of the proposed FCA under P.Mis variations;
and b) to confirm the advantages of the proposed FCA under P.Mis variations. The simulated
performance discussed in this section is the transient response. The FOMs, FOM(, FOMTs_0.1%,

and FOM~s_o.01% Of the FCAs are also reported.
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Transient Response Under Process and Mismatch Variation
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Figure 5.21: Transient responses of the prop. and conv. FCAs under P.Mis. variation
Figure 5.21 shows the simulated transient responses of the proposed and conventional FCAs

under P.Mis variations. Figure 5.22 and Figure 5.23 respectively show the histograms of the
average Ts_0.01% of the proposed and conventional FCAs under P.Mis variations.

The average SRs and settling times of both two FCAs show normal distributions. The (mean,
sigma) of the proposed and conventional FCAs’ SRs are respectively (3.61V/us, 0.49V/us)
and (1.23V/us, 0.024V/ps). The (mean, sigma) of the proposed and conventional FCAs’
Ts_0.1% are respectively (0.5us, 0.014us) and (0.75us, 0.02us). In addition, the (mean, sigma)
of the proposed and conventional FCAs’ Ts_0.01% are respectively (0.72us, 0.027us) and
(0.108ps, 0.021ps). The (mean, sigma) of the proposed and conventional FCAs’ offset voltages
are respectively (-0.12mV, 2.2mV) and (0.11mV, 3.1mV). Most importantly, all the
performance improvement brought by the proposed FCA is achieved yet with much smaller
power consumption which is about 53.7% of the conventional FCA. Therefore, the (mean,
sigma) of the proposed and conventional FCAs> FOMs are (1.14 pF*MHz/pA, 0.02
pF*MHz/pA) and (0.56 pF*MHz/pA, 0.026 pF*MHz/pA). The (mean, sigma) of the two
FCAs” FOML are (1.92 pF*V/pA-us, 0.26 pF*V/pA-ps) and (0.35 pF*V/pA-ps, 0.015

pF*V/pA-ps). The (mean, sigma) of the two FCAs’ FOMrs o01% are (0.74 pF/pA-ps, 0.026
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pF/uA-us) and (0.266 pF/puA-us, 0.012 pF/pA-ps). Therefore, compared with the conventional
FCA, the average improvement of FOMs, FOM_ and FOMTs 0.01% are respectively 2 times, 5.5

times and 2.8 times.
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Figure 5.22: Average Ts_0.01% of the proposed FCA under P.Mis. variation
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Figure 5.23: Average Ts_0.01% of the conventional FCA under P.Mis. variation

54.4.1  Performance Summary for P.Mis Variation

The performance summary of the proposed and conventional FCAs are shown in Table 5.7.
Compared with the conventional FCA, the proposed FCA not only reduces its power

consumption but also improves its settling, noise, offset and DC gain performance under P.Mis
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variations. In addition, the superiority of the proposed FCA is very robust under process corner

and device random mismatch variations.

Table 5.7: Performance summary of the prop. and conv. FCA under P.Mis variation

Proposed Conventional
Output Unit Mean Stdev Mean Stdev
Vos mV -0.12 2.175 0.11 3.11
GBW MHz 2.14 0.044 1.98 0.034
PM degree 69.77 0.639 73.8 0.64
DC Gain dB 89.44 0.510 82 3.4
SR_avg V/ys 3.61 0.494 1.23 0.024
Ts_0.1% s 0.50 0.014 0.75 0.02
Ts 0.01% Us 0.72 0.027 1.08 0.02
Vni @ 100KHz nV/sqrt(Hz) 68.07 0.777 88.6 1.9
Vno integrated to 2MHz | pV 93.20 0.947 128 2.0
FOM:; pF*MHz/uA 1.14 0.019 0.56 0.006
FOML pF*V/UA-us 1.92 0.262 0.35 0.003
FOMts 0.1% pF/pA-ps 1.08 0.028 0.38 0.003
FOMrts 0.01% pF/pUA-ps 0.73 0.022 0.265 0.004
Isupply A 1.88 0.028 3.5 0.19
Iwaste A 0.38 0.005 2.0 0.177
Itail A 1.50 0.028 1.50 0.028
Iwaste/Itail % 25.25 0.362 134.9 11.7
CUE (ltail/lsupply) % 80 1.7 42.8 0.16
CL pF 1.00 NA 1.00 NA
Vsupply \ 1.8 NA 1.8 NA
Process 180nm CMQOS

5.5.Performance Comparison of This Work with the literature

Table 5.8 summarizes the performance of the proposed FCA compared with the conventional

FCA and [6] in a typical corner at room temperature. Compared with [6] and the conventional

FCA, the proposed FCA reduces its lwaste by 2.89 times and 5.3 times, which consequently

increases its CUE by 1.33 times and 1.9 times respectively. In addition, as byproducts of

minimizing the bias current of the proposed FCA’s cascode stage, its random offset voltage is

reduced to 82.5% of [6] and 73.8% of the conventional FCA. Similarly, the proposed FCA’s
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integrated noise from 0.01Hz to 2MHz is reduced to 82.5% of [6] and 72.9% of the

conventional FCA.

Table 5.8: Performance comparison of the proposed FCA to the state-of-the-art method
and the conventional FCA

Output Unit This work [6] Conv. FCA
Vos mV 2.18 2.64 2.95
GBW MHz 2.14 2.2 2.0
PM degree 70 70 74
DC Gain dB 89.7 92.75 83.5
Isupply HA 1.88 2.6 35
Iwaste A 0.38 1.1 2.0
Itail UA 1.50 1.50 1.50
Iwaste/Itail % 25.25 73.3 133.3
CUE (ltail/lsupply) % 80 60 43
SR _avg V/us 3.66 1.355 1.23
Ts_0.1% Us 0.50 0.855 0.75
Ts 0.01% s 0.72 1.6 1.08
Vni @ 100KHz nV/sqrt(Hz) 68.07 82.2 88.5
Vno integrated to 2MHz | pV 93.20 113.0 127.5
FOM:; pF*MHz/uA 1.14 0.87 0.565
FOML pF*V/UA-uUs 1.92 0.52 0.352
FOMrts 0.1% pF/UA-ps 1.08 0.449 0.38
FOMrts 0.01% pF/UA-Us 0.73 0.24 0.268
FOMnoise (V/V)2 2.6 3.6 5.0
CL pF 1.00 1.00 1.00
Process 180nm CMQOS

Moreover, Ts_0.1% of the proposed FCA is reduced to 58% of [6] and 66.7% of the
conventional FCA, whereas Ts_0.01% of the proposed FCA is reduced to 45.0% of [6] and
67.3% of the conventional FCA. The reason why the proposed FCA’s settling time is much
shorter than [6] is that the proposed FCA completely eliminates the long recovery time after
slewing phase completes while [6] does not when Ix<lwi/4 in Figure 5.2. The complex
frequency compensation of [6] also degrades its settling time performance. Compared to [6],

the proposed FCA does not need any frequency compensation. This not only makes the FCA
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design much simpler but also saves a considerable amount of area that would have been
consumed by compensation capacitors and resistors. In terms of figure of merits, in comparison
with [6], the proposed FCA increases FOMs, FOML, FOMts 0.1% and FOMTs 0.01% by 1.31, 3.69,
2.4 and 3.04 times. Compared with the conventional FCA, the proposed FCA improves FOM:s,
FOML, FOMts_o.1%and FOMTs_o0.01% by 2.0, 5.5, 2.86 and 0.27 times. In addition, the FOMnoise
of the proposed FCA is also reduced to 71% of [6] and 52% of the conventional FCA.

The simultaneous performance improvement on CUE and settling time by the proposed FCA

demonstrates its clear advantages over [6] and the conventional FCA.

5.6.Discussion
In summary, compared to [6], the proposed FCA design has the following benefits.

1) No long recovery time is needed even when the cascode stage’s bias current is only
1/12 of lwi. The method in [6] starts to suffer from a long recovery time when its
cascode stage’s bias current becomes less than 0.5* i

2) The design involves much less complexity given that the complex frequency
compensation in [6] is omitted.

3) Area consumption decreases significantly given that no large compensation
capacitors are used.

4) Power consumption for the cascode stage is lowered because the nondominant poles
associated with the differential-to-single-ended conversion circuit in the proposed
FCA are at higher frequencies.

5) The proposed design has good compatibility with potentially additional gain

enhancement circuits mentioned in Chapter 2.
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e c—
Reduce M14 leakage

Figure 5.24: A circuit to reduce leakage current of M14 in the turn-around stage
There is also a potential limitation to the proposed FCA design when a very high DC gain is

needed. As mentioned in Section 5.4.2, transistor M14 in Figure 5.8 could be weakly on at the
corner of fast NMOS when T=85°C. When M14 is on in the quiescent operation, the output
impedance of the FCA is reduced, which ultimately limits the largest achievable DC gain. This
can be solved by replacing M14 with a very high threshold voltage device if it is available in
the process. Otherwise, the leakage issue can be solved by adding transistors M12 and M24 to
the circuit as shown in Figure 5.24. In the quiescent operation, M13 works in the triode region
and M12 works in the cutoff region so the gate voltage of M14 is Vss. This minimizes the
leakage current from M14 so as to increase the largest achievable DC gain. As for the large-
signal operation of the circuits in Figure 5.24, it functions similarly to the turn-around stage in

Figure 5.8. This circuit will be further discussed in length in Chapter 6.
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5.7.Summary

A new and simple turn-around stage to effectively improve a FCA’s current utilization
efficiency (CUE) has been introduced. The proposed FCA does not suffer from a long recovery
time though the FCA’s bias current is only 8.3% of the FCA’s tail current. In addition, the
settling performance of the proposed FCA is also improved due to larger average slew rate
(SR) brought out by the new turn-around stage. Furthermore, as byproducts from a reduced
bias current in the cascode stage, the noise and offset of the proposed FCA are also improved.
Compared to [6], the proposed FCA increases CUE and SR by 1.33 and 2.7 times. The
proposed FCA’s settling time with 0.1% accuracy and 0.01% are decreased to 58% and 45%
of [6]. The theoretical calculations for the proposed FCA highly agree with its simulation
results.

Due to its design simplicity, high CUE, low noise, and low offset voltage, the proposed
FCA is well suitable for applications and systems where FCAs are used as single-stage
amplifiers or the first stage in multi-stage amplifiers. The applications include but not limited
to switched-capacitor circuits, battery monitoring circuits, load current sensing circuits, LDO

error amplifiers, and sigma-delta ADC.
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CHAPTER 6. COMBINED PERFORMANCE
ENHANCEMENT TECHNIQUES FOR FOLDED
CASCODE AMPLIFIERS

Many applications such as continuous-time sigma delta ADCs require an op amp with high
gain, high slew rate, low noise, low offset, low power and large input common mode range
(ICMR). In this chapter, a single-stage folded cascode amplifier (FCA) is designed with these
three techniques combined: the proposed gain enhancement (GE) technique in Chapter 2, the
slew rate enhancement (SRE) technique in Chapter 3 and the current utilization efficiency
(CUE) enhancement technique in Chapter 5. The purposes of combining the techniques are
twofold: a) confirm that these three proposed techniques are compatible; and b) confirm that a
FCA with the combined technigues can simultaneously have high DC gain, high slew rate, low

noise, low offset and low power.

6.1.Schematic Design

Figure 6.1 shows the schematic of the proposed FCA combining techniques of GE, SRE and
CUE enhancement. The proposed FCA consists of a FCA core formed by transistors M0-M10,
a GE circuit formed by transistors M21-M23, an additional turn-around stage formed by
transistors M12-M14, and a negative SRE circuit. The negative SRE circuit is shown in Figure
6.2.

The additional turn-around stage is normally off and is only activated during the FCA’s
positive slewing phase. Such design allows the FCA’s current conveyance capability to be
greatly enhanced during the positive slewing phase while at the same time keeping the bias
current consumption of the turn-around stage to a minimum and generating very low noise and
offset voltage. As a result, the bias current of the FCA’s cascode stage can be reduced to a

current much smaller than lwii. The cascode stage’s bias current is annotated as 2a* lii, where
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ltait is the drain current of transistor MO. The smaller « is, the less the noise, offset voltage and
power consumption of the FCA are. However, a cannot be indefinitely small because it affects
the frequencies of the nondominant pole associated with node Vx as discussed in Chapter 5.

Therefore, a proper value of @ must be selected. In this design, a=1/12.
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Figure 6.1: Schematic of the proposed FCA with gain, slew rate and CUE enhancement
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Figure 6.2: Schematice of the negative SRE circuit for the proposed FCA
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In the FCA, there are three signal paths from the FCA’s inputs to its output. The first signal
path, as shown by the blue arrow line, always conducts signal to the output whenever a
differential input voltage exists. But the second signal path, as marked by the green arrow line,
is activated only when Vig>Von pos or AVx >AVxon pos. Vid IS the differential input voltage.
AV pos IS the positive voltage change at Vx node upon application of a positive Viq at the input
pair. Von pos and AVyxon pos are respectively the positive threshold voltages of Vig and AVy
required to activate the turn-around stage. The third signal path, as marked by the red line, is
the negative SRE path. This path is activated only when Vig<Von_neg. Similar to the definition
of Von_pos, Von_neg IS the negative threshold voltage of Viq required to activate the negative SRE
circuit. The details about the workings of the signal paths in the quiescent, small-signal and
large-signal operations are discussed below.

Transistor M13 is designed to carry half of the bias current as transistor M8 but with the
same size. As a result, M13 works in the triode region in the quiescent operation, which leads
to a low drain source voltage for M13 or makes Vy approximate Vx. When the DC bias voltage
of Vx is kept less than transistor M21°s threshold voltage, transistor M21 works in the cutoff
region. As a result, transistor M22 works in the triode region and transistor M14 works in the
cutoff region. Therefore, V; approximates Vss and the turn-around stage is off in the quiescent
operation. V is so close to Vss that transistor M14’s leakage current is minimized, which
consequently improves the maximum achievable DC gain for the proposed FCA.

Upon application of a positive differential input signal, Vig, the source voltage of transistor
M13 would increase by AVx. Transistor M13 stays in the triode region, and transistor M21
stays in the triode region, and the turn-around stage remains off before Visand AVy become as

big as Von_pos and AVxon_pos respectively. When Vig=Von_pos and AVx=AVxon_pos, the operation
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regions of transistors M13, M21 and M22 transit from their original operation regions (triode,
cutoff, triode) to the saturation region. As a result, any Vie>Von Will quickly increase the drain
voltage of M13 and the drain current of M21, which turns on the turn-around stage. Therefore,
the boundary between the disabling and enabling the turn-around stage can be approximately
marked by the transitions of M13, M21 and M22’s operation regions from their quiescent
operation regions to the saturation region. At this transition point, the drain current of M8 and
M13 are respectively expressed as (6-1) and (6-2), where Ps=pnCoxWs/Ls and
B13=HnCoxW13/L13. Also, Vods and Algg are respectively transistor M8’s overdrive voltage and
drain current change. The value of A is 0.4 Ivias/(a* ltait) =0.2. By dividing (6-1) by (6-2) and
substituting B13=Ps, it is found that Algs=-(1+A) * @ lai=-0.1* alwii and AVxon pes=1-
JO0.5(1 — 1)=0.37*Voge=26mV. At the transition point, M14 is still off and the drain current
change of M8 and M13 comes from the input differential pair. Therefore, the input referred
turn-on voltage, Von, for the turn-around stage is calculated as (6-3) by solving the KCL
equation at M13’s source node. In (6-3), gm1 and Voq1 are respectively the transconductance
and overdrive voltage of transistor M1. In addition, A4 and Az are respectively the aspect ratios
of transistors M4 and M3. In this design, As/As=5/4. As a result, Von is found to be about 7mV,

assuming that Voq1 is in the neighborhood of 70~80mV.

2
(Vod8 — AV on_pos ) * 0.5Bg = 20t * Iigy + Algg (6-1)

2 2
(V0d8 - AVX,on_pos) *0.5B13 = (V0d8 - AVX,on_pos) *0.5Bg = algaii (1 —2) (6-2)
Algg + Algq3 _ a(l+ 2M)1.y _ 0.23 * Vyq1 ~ 7.8mV

Von_pos = —%(1 N 12_:) - zlx;_i(ﬁ\\_; 4 1) B (12_? 1) (6-3)

When Vig increases to a point where Via>Von_pos, transistor M14 turns on, transistor M13

works in the saturation region, and the negative feedback loop formed by transistors M21-M22

www.manaraa.com



149

and M13- M14 is activated. As a result, AVy stays as AV on regardless of the differential current
from M1 and M2, Ism, because the negative feedback loop makes M14 compensate ldm.
Therefore, in the positive slewing phase, the drain currents of transistors M8 and M14
respectively become aluil(1-A) =hai/15 and lwi[1+(1-A-Asa/Az)*2a]~lai. This enhances the
positive slew rate of the FCA. Once the FCA’s output voltage decreases to a point where
Vid<Von_pos, the FCA’s turn-around stage gets deactivated and transistor M13 returns to work
in the triode region. One thing to note is that transistor M8 always holds a small drain current
of (1-1)*Lai=lait/15, which prevents M8 from ever turning off and keeps the voltage change at
Vx as small as 0.37*Vogg~26mV. As a result, input transistor M1 does not work in the triode
region in the slewing phase even when the input common mode voltage (ICMV) is close to the
negative supply rail. Therefore, although the proposed FCA has an extremely small cascode
bias current, it does not require a long time for the current to recover after the slewing phase
completes, since a long recovery time is generally caused by either transistor M8 working in
the cutoff region or transistor M1 working in triode region but neither condition applies to the
proposed FCA. As a matter of fact, the settling time is slightly improved because the positive
SR is increased by setting the current mirror ratios of M14-to-M15 and M20-to-M18 as larger
than 1.

In the negative slewing phase, transistor M2 steers all the tail current into transistor M3, and
then transistor M4 passes the mirrored current to discharge the load capacitor via transistor M8.
In this slewing phase, the drain currents of transistors M8 and M10 are respectively
[Ad/As*(2at+l)-al*leii and 2a*lwi, which results in a net discharging current of
[A4/As*(2a+1)-3a]*l:i to the load capacitor. This discharge current is slightly larger than that

of the conventional FCA. The conventional FCA’s discharging current is Itail When its cascode
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bias current is larger than 0.5*li. More importantly, in the negative slewing phase, the
negative SRE circuit shown in Figure 6.2 also turns on to increase the transient discharging
current to the load capacitor. The details about the operation principles of the negative SRE
circuit are described next.

The negative SRE circuit of the FCA is shown in Figure 6.2. As can be seen, the quiescent
bias currents of transistors M31, M32, M35, M37 and M41 are the same, lpjas. Transistor M37’s
source voltage is designed to be less than transistor M38’s threshold voltage in the quiescent
operation. As a result, transistors M38, M39 and M40 work in the cutoff region in the quiescent
operation. Transistors M35 and M36 are a matched input pair, so the M36’s drain current in
the quiescent operation is the same as M35’s bias current. As a result, the total drain current of
transistors M36 and M42 is 2* Ipias. This 2* Inias is smaller than the intended bias current of
transistor M46, 2.4*Inias When M46 works in the saturation region. Therefore, transistors M46,
M42 and M43 work in the triode, triode and cutoff regions respectively, which ensures zero
bias current in transistor M43 to keep the negative SRE circuit off in the quiescent operation.

However, upon application of a negative differential input signal to the input pair, Vig,
transistor M36’s drain current increases while transistor M35’s drain current stays the same as
Inias. The reason is that the negative feedback loop formed by M32, M34, M35, M37 and 2* lpias
always adjusts transistor M34’s drain current to maintain transistor M35’s drain current as a
constant of Inias. When Vig decreases to a point, Von_neg, that the drain current of M36 increases
by 0.4*lias, the operating regions of transistors M46 and M42 transit from the triode region to
the saturation region. Any further increase of M36’s drain current caused by further increase
of Viq flows into transistor M43 and is then amplified by the aspect ratio of transistors M44 to

M43. The amplified drain current is passed to the load capacitor C. via transistors M44 and
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M45. Therefore, the boundary between enabling and disabling the negative SRE circuit can be
marked by M46 and M42’s operation regions transitioning from the triode region to the
saturation region. According to this definition, the input referred turn-on threshold voltage of
the negative SRE circuit, Von_neg, is calculated as (6-6) by solving (6-4) and (6-5), where Vod3s
is transistor M36’s quiescent overdrive voltage. Assuming Vodss iS about 70mV~80mV, the

calculated Von_neg is about -12mV.

2
(Vod36 - AVon_neg) * 0.5B36 = 1.4 * Ipjas (6-4)
(Vodse )2 * 0.5B36 = 1.0 * Ipjqas (6-5)
AVon neg = (1 — V1.4) x Vog36 & —12mV (6-6)

In order to improve the DC gain of the proposed FCA, a GE circuit via conductance
cancellation is implemented as shown in Figure 6.1. The forward path of the GE circuit is
formed by transistors M23-M25 and the feedback path reuses transistors M7 and M3-M4 in
the FCA core to form a flipped voltage attenuator (FVA). In the GE forward path, the voltage
change at Vx node is sensed and shifted up to voltage Vi Vvia the level shifter formed by
transistors M23-M25. In the GE feedback path, voltage Vi, feedbacks to the Vx node through
the FVA. The voltage gain from Vi, to node 2’s voltage, V2, is calculated as (6-7), with which
the generated negative conductance is derived as (6-8). As a result, the net conductance looking
down from the source of M8, gy, is obtained as (6-9). In order to maximize the FCA’s DC gain,

gx should be designed to be close to zero but slightly negative.

Vo 8m7(8as2 +8as3) _ 8asz t 8ass

~ ~ (6-7)
Vfb (gm7 + gds7)gm3 &m3
=&* =_M* ~ — _ *ﬁ (6-8)
8neg Vfb 8m4 goa 8ma4 8ds4 — 8ds2 A3
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8x = 8dsa T 8ds1 T 8ds12 T 8neg ~ 8ds12 — 8ds2 <_ - 1)
_ 8ds2 * 2a (6-9)
~ 812705 2

6.2.Frequency Response Analysis
In order to understand the frequency response of the proposed FCA in Figure 6.1, its small
signal block diagram is drawn in Figure 6.3. In the following analysis, the following
assumptions are made:

1) The transconductance of transistors M1-M13 and M23-M25 are much larger than their
conductance counterpart. For example, gmi>>gasi, Where gmi and gasi are respectively
transistor M;’s transconductance and conductance.

2) The amount of parasitic capacitance at node Vx and V1 are the same

3) Load capacitor, Ci, is much larger than the parasitic capacitance at the FCA’s internal

nodes. For example, C.>>C4, C; and Cx

ds7

_ Om7V1 OmeVx

P I ST /NG I T B /N

l/ <> N\
gl C 92 C2 gX C

T T

9.<ZC=
-Vidl2 y
'gml

L~

Figure 6.3: Small signal block diagram of the proposed FCA

The transfer function from Vx to Vi, u(s), is found as (6-10). The transfer function has one

pole and one zero, located at frequencies of 0.5*fr and fr respectively, where ft is the unity
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current gain frequency of transistor M23. Since transistor M23’s ft is about 100MHz in this
design and is much higher than the proposed FCA’s GBW (2.4MHz), the transfer function,

u(s), can be simplified as 1 for frequencies less than the GBW. In order to derive the transfer
function from the FCA’s inputs to output, \‘/]T(; , KCL equations at nodes V1, V2, Vx and V, are
derived and written as (6-11) to (6-14), where gi and Ci are respectively the impedance and
parasitic capacitance at node i. The expressions of g1, g2, gx, dr, C1, C2 and Cx are shown in
Table 6.1. After solving the KCL equations (6-11) to (6-14), the transfer function “/’—; is derived
as (6-15) and rewritten as (6-16). Equation (6-16) is further simplified as (6-17) by substituting

(6-18) into (6-16).

Table 6.1: Expressions of the conductance and capactance in the proposed FCA

91=Qds2+Jus3 C1=Cqb2+Cgd2+Canz+Cgdst+Cos7

g2:gdssgd59/gm9 Co= Cgs3+ ng3+ Cgs4+ ng4

9x~gas1+Jdsa+Jas11 Cx= Cub1+Cqd1+Caba+Cqda+Cqsst Cysiz+Cqd1a+Cqdra
0L~ Zas60ds10/gm10+0x0dss/Ome

C 23 C s23
1+ L) (1+ g—)
Vi - ( S gm23 - S Zm23

u(s) = =1 (6-10)

VX 1+s Cg523 + Cgs7 1+s 2CgsZ3
8m23 8m23
> + Vi(g1 +5C1) + 8m7Vi + 8as7(Vi — V) + 8m3Ve — gm7Vx * u(s) =0 (6-11)
Vi *8m7 + (V1 — V) * gqs7 — Vo(g2 +5C;) =0 (6-12)
Yia = 6-13
VZ *gm4+vx(gm8+gd58+gx+scx)_vo*gd58_7*gm1 =0 ( - )
Vo (8L + 8ass +5CL) = Vx(8ms + Zdss) (6-14)

& _ 0.58m18ms[S?C1Cs + 8m7SCa + (8m3 + 8ma)8m7 + Em78mau(s)]
Via (gL +SCL)(8ms + SCx)[s2C1Cy + 58m7Cs + 8m38m7 T+ Em78mau(s)]

(6-15)
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gml + gm7 s + (gm3 + ng4)gm7
& ~ 2 * gL X Cl C1C2 (6'16)
Vi (145 CL) (1 4o Cx ) 2 4 8m7 ¢ o (Bm3 + 8ma)Bmy
gms Cq C,C,
gmi1
VO 2 * gL SZ + szBWS + klkz(l + 2k3)GBW2 (6 17)
R * -
Vig 1455 (1 4+ s2 + k,GBWs + k;k, (1 + k3)GBW?
A+sg0) ( szBW)
S ol Ky + 1
= 2 = —1 = —X g = gm1 3 (6-18)
K =Gew’ X2~ Gaw ~Gew’ 7 8m3 ~/GBW = T

As can be seen from (6-17), there are four poles and two zeros in this proposed FCA’s
transfer function. The frequencies of all the poles and zeros are respectively calculated as (6-

20) to (6-24). Because drain current of transistor M7 is much smaller than that of transistor

2
M3, ki>kz and (%) < k;k,. As a result, the poles and zeros (Pnd2, Pnd3, Znd1 and Zng2) are

complex poles and zeros. The natural frequencies of the complex poles and zeros are

respectively GBW * \[k;k,(1 + k3) and GBW = \/k;k, (1 + 2kz), which are higher than
those of the proposed FCA in Chapter 5 because kz>0. The results of the higher frequencies of
the nondominant poles and zeros are brought by the additional GE path in this proposed FCA.
In addition, compared with the proposed FCA in Chapter 5, this proposed FCA also has a
higher frequency of Pnq1 due to its larger bias current in its cascode stage. The distribution of
all the poles and zeros of this proposed FCA in S-plane is shown in Figure 6.4. As can be seen,
the complex poles are with a lower natural frequency and a lower Q-factor compared with the
complex zeros. But the complex poles and zeros are so close to each other that the phase drop
caused by them is minimal, as calculated by (6-25). Figure 6.5 illustrates the dependency of
the phase drop on the ratio of k2 to the FCA’s GBW, from which we can see that the phase

drop is less than 2.5 degrees even when ki=2*k> and ko is as low as 2. The entire FCA’s phase
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margin is calculated as (6-26) and its dependency on the ratio of k. to the FCA’s GBW is
shown in Figure 6.6. In this design, ki=2, ko=4 and ks3=1.25. Therefore, the expected phase

margin of the op amp is about 71 degrees.

jo A
anl O
Pnd2 x
Phat Pa1 o
% % >
Pras %
anz o

Figure 6.4: Distribution of the proposed FCA’s poles and zeros

gL
Py, = o (6-19)
gms
Pnd1 = — C = _kz * GBW (6'20)
X
k, k,\?
Pagz = —GBW x| = = [(3) — il (1 +1K5) (6-21)
ky |(ka)\?
Pnd3 = _GBW * 7 + (7) - klkz(l + k3) (6'22)
ky |(ka)\’
Zl‘ldl = _GBW * 7 - (7) - klkz(l + 2k3) (6'23)
k, k,\2
& &
— -1 -1 )
0 =—tan {klkz(l k) — 1} +tan {k1k2(1 + 2ks) — 1} (6-25)
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PM =90 —tan?! (i> —tan~! { K, } + tan™? { ke } (6-26)
kZ k1k2(1 + k3) - 1 klkz(l + 2k3) - 1
Complex pole&zero pairs phase drop vs. k2 and k1
a 0 I
o |
© m— I e
< P — L
o ” 7”7 > |~ [
& .7 - -~ k1=2*K2 ||
E _1 4/ — = [
= 7 » ——k1=3*2 |
g / ——k1=4%2 |
< -1.5 k1=5*k2 [
_8. k1=6*k2
x
QL -2
o
g
@]
O i
-25
2 3 4 5 6 7 8

k2=g, /C,/IGBW

Figure 6.5: Phase drop due to complex poles and zeros vs. ki and k2

Phase Margin vs. k2 and k1
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Figure 6.6: The FCA’s PM vs. ki and k2
6.3.Noise Analysis

The noise of the proposed FCA is analyzed in comparison with the conventional fast FCA
in Figure 5.5(b) so as to understand the noise reduction brought by the bias current reduction

in the cascode stage of the proposed FCA. The noise model of the proposed FCA is shown in
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Figure 6.7 after neglecting the noise contributed by the cascode transistors and the transistors

working in the cutoff region. The proposed FCA’s output current noise power is derived as (6-

. . : 8KT Ke -
27), where a transistor’s voltage noise power is expressed as (6-28). The and L —in
38mi W;iL;iCoxf

(6-28) respectively represent a transistor’s thermal and flicker noise. The transistors in current
mirrors are typically sized to have the same length and current density. Consequently, their
widths and transconductance linearly scale with their bias currents. Therefore, their voltage
noise power is linearly proportional to their bias currents, whereas their current noise power is
inversely proportional to their bias currents, as shown in (6-28) and (6-29). As a result, the
noise expression in (6-30) can be established. After plugging (6-30) into (6-27), the equation

(6-27) is simplified as (6-31). Equation (6-31) is further simplified as (6-32) by neglecting the
term of Ij‘—; (k3 — 1)? because this term is much smaller than 12; (k2 + 2). As a result, the input

referred voltage noise power of the FCA is derived as (6-33).

Itail 2a *Itail  vdd 2« *ltail a*ltail a *Itail

en52 en62 V, enll2 vV en252
VBl KOl e VG [ Ve s
M11

bl

9 = [0 Vie| s

J@" "@1 ©) V, Vy Ve,

|ﬂ Vﬁ”_@ls C. MI3 |Xb3 M23

T\ 7\ 4';
en32 en42 VX
M3] [C8CH [m4
Vss

Figure 6.7: Noise model for the proposed op amp
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12 —gﬁloeﬁo(@—l) + (ghizehs + 8hz€hs + 8hisen )*gm4
no,prop 4 83 m3%n3 m2%n2 mb5%+n5 gm3 (6-27)

+ (ghseha + Bh1€h1 T 8h6Che T 8m11€h11 T 8m2sehzs)

e2,  8KT N K¢ 1
—_— [0d
Af 3gmi WiLiCoxf Ibias (6_28)
2 — enigmi _ Bmi* 8KT 4 mi * K¢ o« L. (6-29)
Af 3 W;L;C, f DS
IZ4 -
125 - I n6e — 21n11 - 21n25 - 2aan' 121 - In2J Ir2'13 = 1:3 (6 30)
12,
120, prop = E;‘—O((k3 — 124 (123 4+ 12, +135) k2 + (k3125 + 12, + 21%) (6-31)

LRoprop = I51 * (1 +Kk3) 4+ 133(ks + k3) +135(2 + k3)

(6-32)
V2 - I36,prop b (LKD) + s + kD) + 152 +KD (533
MT05 % gy * (kg + D2 0.5 % gy * (kg + 1) * GBW % C,
2
vz = y2 o TGBW _[I5, + (1 +K5) + ns(ks + K5) + s (2 + K3)] (6-34)
no T o s2n 28m1 * (k3 + 1) * (o
V2 4KT [(1 + Kk3) + a(ks + k3) + b(2 + K3 D] _ 2.4KT (6-35)
no,thermal = 3 (k3 n 1)CL CL
4KT , ,
V2 _ 3 *[2+ 28m3/8m1 + 28ms/8m1]
no,thermal,conv — ZCL (6_36)
4KT [1 + r+ 0.5 +b r 4.5KT
=% * — * —| =
3C, T 2a+05" " 2dl T Ty

When the FCA is placed in a positive unity gain buffer structure, the equivalent rectangular
noise bandwidth of the FCA is GBW/4, where GBW = 0.5g,,,; (k3 + 1)/C... Therefore, the in-
band output referred voltage noise power of the proposed FCA is calculated as (6-34), in which
the dominant noise source for a wideband FCA is thermal noise. The in-band thermal noise of

the FCA is calculated as (6-35). This equation suggests that a, b and k3 should be minimized
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in order to minimize the in-band thermal noise for a given load capacitor. In this design, a=
gm3/gm1=0.4, b=gm5/gm1=0.14, k3=5/4 and a=1/12. As a result, the proposed FCA’s in-band
thermal noise is calculated as 2.4KT/C. or 99uV at T=300K and CL=1pF after plugging a, b
and k3 into (6-35).

Similarly, the thermal noise of the conventional FCA counterpart in Figure 5.5(b), is found
as (6-36), where gm3 and gm5 are transconductance of transistors M3 and M5 in the

conventional FCA counterpart. With a typical bias current of r*Itail=0.67*Itail for the

*

. . ! +0.5 !
conventional FCA’s cascode stage, it can be found that 822 = g « ——= and &m5 = p « — As
gm1 2a+0.5 gm1 2o

a result, the integrated thermal noise voltage of the conventional FCA is obtained as 3.2KT/C.
or 115uV at T=300K and CL=1pF after plugging a=0.4, b=0.07, a=1/12, and r=0.67.
Therefore, compared to the conventional FCA, the proposed FCA is expected to reduce in-

band noise voltage by 14%.

6.4.Offset Voltage Analysis

The variance of transistor M;’s threshold voltage and AB;/B; are expressed as (6-37), where
Bi=UCoxWi/Li. In addition, A%, and A%, are mismatch coefficients, fixed parameters for a given

process, of transistor Mi’s threshold voltage and feature sizes. Transistor M;’s drain current
variation due to its random mismatch is shown in (6-38), where lgi and Vodi are respectively
the transistor’s quiescent current and overdrive voltage. Based on the sizing strategy of fixed
current density for the transistor M;, Equation (6-39) shows that transistor M;i’s drain current
variation is proportional to its bias current. The larger the bias current is, the larger the drain
current variation is.

The input referred offset voltage of a FCA can be analyzed in a very similar manner to how

noise is analyzed in section 6.4. The proposed FCA’s output current variation caused by the

www.manaraa.com



160

mismatches of transistors (M1-M6), M11 and M25 is shown as (6-39). Therefore, its input
referred offset voltage, Vosprop, is calculated as (6-40). In (6-40), c = I2,;/13,; and d =
12,5 /12¢,. Similarly, the input referred offset voltage for the conventional FCA, Voscony, in
Figure 5.5(b) is calculated as (6-41), in which r=0.67 and a=1/12. Compared t0 Vs conv, it iS
clear that Vos prop IS reduced due to the reduced offset contribution from transistors M3 and M5.

This will also be confirmed by the Monte Carlo simulation results.

A ABi. A%
2 _ T'thi 22P1 i 6-37
osi Vthlgml Bl di = WiLiVodi Wi di

Iosout = 1551 * (1 +Kk3) + 1553 (ks + k3) + 1555(2 + k3) (6-39)

1+k3) +c*(ks+k3)+d*(2+Kk3 12 12
Vs prop — R ( :) s 5) ( )] ;C= 253 ;d = ;SS (6-40)

’ [0-5 *8m1 * (k3 + 1)] Iosl Iosl

2(1 s1 T I053 conv T Icz)ss conv) 21551 r+ 0.5 r
Vis.conv = o = — " b dx— 6-41
oneony m1 8m1 d+cex 2a+ 0.5 Tdx 20() ( )

6.5. Simulation Results

In order to confirm the effectiveness and robustness of the performance improvement
brought by the proposed FCA, two design examples are implemented in the 180nm CMOS
process. The first design example is the conventional (conv.) FCA shown in Figure 5.5(b). The
second design example is the proposed (prop.) FCA shown in Figure 6.1. Extensive
simulations, under process corner variations and process corner plus mismatch variations are
conducted to compare the two design examples. The purposes of the simulations are fourfold:
a) to verify that the proposed FCA largely improves the FCA’s CUE; b) to verify that the

proposed FCA largely improves the FCA’s DC gain; ¢) to verify that the proposed FCA largely
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improves the FCA’s SR; and d) to confirm the compatibility of the proposed gain, SR and CUE
enhancement techniques.

All the simulation results below are collected with the design examples placed in a
noninverting unity gain buffer configuration with a load capacitor of 1pF and supply voltage
of 1.8V. The nominal bias currents of the proposed and conventional op amp are respectively

3.5pA and 2.58A but the op amps’ tail currents are the same at 1.5uA.

6.5.1 Typical corner simulation results

6.5.1.1  Frequency response

The frequency responses of the proposed and conventional fast FCAs are shown in Figure
5.14. The proposed FCA’s GBW, 2.4MHz, is slightly higher than that of the conventional FCA,
2.0MHz, given that the size ratio of transistor M3 to transistorM4 is 1.25, slightly larger than
1. The phase margin (PM) of the proposed and conventional FCAs are 75.5° and 70°
respectively, which match well with the theoretical calculations. The slight PM difference is
caused by a much lower bias current in the proposed FCA’s cascode stage. In the two design
examples, the cascode stage’s bias currents in the proposed and conventional FCA are
respectively 0167 times and 0.67 times of lwii. In addition, the DC gain of the proposed FCA
is about 20dB higher than the conventional FCA. The DC gain of the proposed and
conventional op amps are about 103.8dB and 83.5dB respectively. The DC gain enhancement
in the proposed FCA is brought by both the gain enhancement circuit on NMOS side and the

smaller bias current in the cascode stage.
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Frequency response of prop. FCA
200 1‘71‘1‘1’1 JFE F FFFFFE F FFFPPPE F FFFPPRE F FFFF
175 T proposed FCA

N
150 NN conventional FCA

125
100 ™

Loop phase (Degree)
\‘
ul

\ . \.
O V \\‘

3 5 6 7 8

10 10" 10° 10° 10° 10° 10" 10° 10° 10’ 10
120 Frequenc 'ZLE)”
100 .
80
60 t
40 4

FFFFE —F FFFFFE F FFFFFE F FFFF

= proposed FCA
\ = conventional FCA

Loop gain (dB)

= =
iy N
-40 1 0 1 3 5 6 7 8

10 10* 10° 10' 10° 10° 10° 10° 10° 10" 10
Frequency (Hz)

Figure 6.8: Frequency responses of the proposed and conventional FCAS

6.5.1.2 Noise performance

The simulated noise performance of the proposed and conventional FCA are shown in Figure
6.9. As expected, the proposed FCA has lower noise floor than the conventional FCA. For
example, the voltage noise density of the proposed FCA at 100KHz is 73.47nV/sqrt(Hz), while
the voltage noise density of the conventional FCA at 100KHz is 88.4nV/sqrt(Hz). The noise
reduction of the proposed FCAs is a natural byproduct of the bias current reduction in the
cascode stage. The total integrated noise voltage from 0.01Hz to 2MHz for the proposed and
conventional FCAs are respectively 99.24 uV and 127.4uV. That is to say, compared with the

conventional FCA, the proposed FCA reduces noise by 22%.
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Figure 6.9: Noise performance of the proposed and conventional FCAs

6.5.1.3  Transient response

Figure 6.10 shows the step responses of the two FCAs with an input step voltage of 0.6V.
As expected, the positive slew rate (SR+) of the proposed FCA is faster than the conventional
FCA due to the new turn-around stage. The positive and negative slew rate (SR+ and SR-) of
the proposed FCA are respectively SR+prop =+5.84V/us and SR-prop =-5.1V/is, whereas those
of the conventional FCA are respectively SR+conv =+1.1V/us and SR-conv =-1.34V/ps. The
positive and negative SR improvement brought by the proposed FCA are 5.3 times and 3.8
times. The average SR improvement of the proposed FCA is 4.6 times. The simulated SR+
improvement is slightly higher than the calculated improvement factor of 4, due to length
modulation effects of the current mirror M14-M15. The simulated SR- improvement matches

very well with the theoretical calculations.
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Figure 6.10: Transient responses of proposed and conventional FCAs
In addition, the settling times for the two FCAs are respectively 0.39us and 0.75us with a

settling accuracy of 0.1% (Ts_0.1%) and 0.54us and 1.08us with a settling accuracy of 0.01%
(Ts_0.01%). Therefore, the average Ts_0.1% and Ts_0.01% of the proposed FCA are shorter
than those of the conventional FCA by 48% and 50% respectively. The simulated settling time
of the two FCAs also matches the theoretical calculation for settling accuracy of 0.1% (7/GBW)
and 0.01% (9/GBW) in a first-order system. In fact, the proposed FCA’s settling times are
slightly faster than the calculated settling times due to the low-gain positive feedback loop of
the GE circuit in the FCA. This confirms that a long recovery time is not needed in the proposed

FCA despite that its cascode bias current is much smaller than its tail current.

6.5.1.4  Performance summary for typical corner simulation

The performance of the two design examples are summarized in Table 6.2. As can be seen,
compared with the conventional FCA, the proposed FCA reduces its total current waste in its

cascode stage by a factor of 2, which results in a 27% decrease in its total power consumption.
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The CUE of the proposed and conventional FCAs are respectively 58% and 42%, so the
proposed FCA increases the CUE by 1.38 times. In addition to its advantage in reducing
required supply current, the proposed FCA enhances the average SR by 4.6 times and reduces
Ts 0.1% and Ts_0.01% by 48% and 50% respectively. Moreover, compared with the
conventional FCA, the proposed FCA’s input referred voltage noise density at 100KHz and

integrated noise from 0.1Hz to 2MHz are reduced by 13% and 22% respectively.

Table 6.2: Performance summary of the prop. and conv. FCAs in typical corner

Output Unit Prop. | Conv.
GBW MHz 2.38 | 2.04
PM degree 755 |74
DC Gain dB 103.8 | 83.5
Isupply HA 258 |35
Iwaste HA 1.08 |2

Itail HA 1.5 1.5
Iwaste/Itail % 71.77 | 1335
CUE (ltail/lsupply) % 58 42
SR_avg Vs 546 |1.2
Ts 0.1% @Vstep=0.6V MS 0.39 |0.75
Ts_0.01% @Vstep=0.6V HsS 054 |1.08
Vni @ 100KHz nV/sqrt(Hz) | 73.47 | 88.4
Vno integrated to 2MHz uv 99.24 | 127.4
FOMs pF*MHz/puA | 0.93 | 0.56
FOML PF*V/pA-ps | 2.12 | 0.35
FOMrs_0.1% pF/UA-ps 099 |0.38
FOMTs_0.01% pF/UA-us 0.72 |0.26
FOMoise(total noise/input pair noise) | (V/V)? 278 |5

CL pF 1 1
Supply Voltage \ 1.8 1.8
Process 180nm CMOS

As a result, compared with the conventional FCA, the proposed FCA improves the small

signal figure of merit (FOM:s) and the large signal figure of merit (FOM_) by 66% and 6.6
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times respectively. Recalling from the noise and settling time figure of merits defined in
Section 5.4.1.4, the two figure of merits are rewritten as (6-43) and (6-44). In (6-43), Ts_Xx%
is the settling time of the FCA with x% settling accuracy in a noninverting unity gain buffer
configuration and the value of x can be 1, 0.1, 0.01 and 0.001 depending on the targeted
application’s settling accuracy requirement. Isupply and Cy are respectively the supply current
and load capacitor of the FCA. Compared with the conventional FCA, the proposed FCA’s
FOMpTs_o.1% and FOMTs_o0.019 are improved by 2.6 times and 2.8 times respectively. In addition,

the proposed FCA’s FOMnoise is improved by 1.8 times.

GBW = CL SR * CL
supply supply
Ts_x% = C
FOMrg o = ————= ,x =1,0.1,0.01 .. (6-43)
B Isupply
Vgi total
FOMpise = Vz'— (6-44)

ni,input pair
6.5.2 Process corner and temperature variation simulation results

In this section, the designed two FCAs are simulated under process corner and temperature
(P.T.) variations from -40°C to 85°C. The purposes of the simulations are twofold: a) verify
the robustness of the proposed FCA under P.T. variations; and b) confirm the advantages of
the proposed FCA under P.T. variations. The simulated performance of the designed FCAs
include frequency response, transient response and noise performance because these
performance are affected by P.T. variations. The independent process corner variations and
temperature variations are listed in Table. 6.3. In total, there are 25 simulation setups including

1 typical corner and 24 combinations of P.T. variation.
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Table 6.3: Simulation setup with process corner and temperature variation

Typical | Corners

Temperature 27°C -40°C, 27°C and 85°C
Low Vth MOS | tntp snsp, sSnwp,wnsp,wnwp
High Vth MOS | tntp snsp, wnwp

6.5.2.1 Frequency Response

Frequency response of prop. FCA under process variation F of conv. FCA under process variation
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Figure 6.11: Frequency responses of the two FCAs a) proposed b) conventional
Figure 6.11 shows the frequency responses of the proposed and conventional FCA under

P.T. variations. The GBW and PM of the two FCAs have very little variation. The (min, typ,
max) of the proposed FCA’s simulated DC gain, phase margin (PM) and GBW are respectively
(102B, 104dB, 104dB), (73.7°, 75.8°,77.4°) and (2.03MHz, 2.39MHz, 2.65MHz). On the other
hand, the (min, typ, max) of the conventional FCA’s simulated DC gain, phase margin (PM)
and GBW are respectively (80dB, 83.5dB, 83.5dB), (73.7°, 74° ,74.5°) and (1.7MHz, 2.0MHz,
2.2MHz). The variations of DC gain, PM and GBW of both the conventional and proposed

FCAs are small. The amount of DC gain enhancement is maintained to be about 20dB under
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P.T. variations. Compared with the proposed FCA in Chapter 5, the leakage current of
transistor M14 in this proposed FCA has been minimized. This is the reason why the proposed

FCA can maintain large DC gain enhancement in the corner of fast NMOS when T=85°C.

6.5.2.2 Noise Performance

Noise performance under process variation

—Prop. FCA

0.5

Voltage noise density (V/sqrt(Hz))

1 2 3 4 5 6

10 10 10 10 10 10
Frequency (Hz)

R A A v

\ Conv. FCA

Voltage noise density (V/sqrt(Hz))

100 10> 10° 10" 10° 10°
Frequency (Hz)

Figure 6.12: Noise performance of the prop. and conv. FCAs under P.T. variation
The simulated noise performance of the proposed and conventional FCA under P.T.

variations are shown in Figure 6.12. The input referred voltage noise densities of the proposed
and conventional FCAs are respectively 60.2~94.3nV/sqrt(Hz) and 72.3~115nV/sqrt(Hz) at a
frequency of 100KHz. The integrated noise from 0.01Hz to 2MHz of the proposed and
conventional FCAs are respectively 81.6~126.7uV and 104.6~161.1uV. Therefore, both the

minimum and maximum of the proposed FCA’s integrated noise are 21% lower than the
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conventional FCA. The noise performance improvement in the proposed FCA is a natural

byproduct of a reduced bias current at the cascode stage.

6.5.2.3  Transient Response

The transient responses of the two FCAs are simulated in the noninverting unity gain buffer
configuration with an input step voltage of 0.6V under P.T. variations. The simulation results
are shown in Figure 6.13. Both the positive and negative slew rates of the proposed and
conventional FCAs show a very small spread under P.T. variations. This indicates the
robustness of the proposed FCA in its positive slew rate enhancement. This robustness over
P.T. variations is expected because the tail current in the positive slewing phase is amplified
by a well-defined current gain, and then the amplified current is passed to the load capacitor
by the turn-around stage. The mean SRs of the proposed and conventional FCAs range from
4.03~6.33V/us and 1.2~1.24V/us respectively. Also, the mean Ts_0.1% of the proposed and
conventional FCAs range from 0.3~0.45us and 0.72~0.78us respectively. This clearly shows
advantages of the proposed FCA over the conventional FCA in terms of operation speed. It
also shows that unlike the conventional FCA, the proposed FCA does not suffer from any long

recovery time under P.T. variations.

Transient Response under process variation
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Figure 6.13: Transient responses of the prop. and conv. FCAs under P.T. variation

6.5.2.4

Performance Summary for P.T. Variation

Table 6.4: Performance summary of the prop. and conv. FCA under P.T. variation

Proposed Conventional
Output Unit Min | Max | Typical | Min | Max | Typical
GBW MHz 2.03 | 265 |239 1.7 2.2 2.04
PM degree 73.65 | 77.35| 75.8 73.7 | 745 |74
DC Gain dB 101.9 | 103.8 | 103.8 |80 83.5 [835
SR_avg V/ps 403 |6.33 |581 1.2 1.21 [1.23
Ts_0.1% S 0.3 0.45 |0.39 0.72 |0.78 |0.75
Ts_0.01% S 0.49 |0.63 |0.49 0.87 |1.03 |0.93
Vni @ 100KHz nV/sqrt(Hz) | 60.17 | 94.28 | 73.47 |72.3 |113.8|88.4
Vno integrated to 2MHz | uVv 81.61 | 126.7 1 99.15 | 104.6 | 161.1 | 127.4
FOMs pF*MHz/pA | 0.78 | 1.03 | 0.93 0.48 |0.63 |0.56
FOML pF*V/puA-ps | 1.57 | 245 | 2.25 0.345 | 0.354 | 0.352
FOMrts_0.1% pF/pA-ps 087 |13 0.99 037 (04 0.38
FOMTs_o.01% pF/UA-ps 0.62 |0.8 0.79 0.25 |0.28 |0.27
Isupply HA 2.58 5
Iwaste HA 1.08 3.5
Itail HA 15 1.5
CUE (ltail/lsupply) % 58.14 43
CL pF 1 1

The performance summary of the proposed and conventional FCAs under P.T. variations are
shown in Table 6.4. Compared with the conventional FCA, the proposed FCA’s output voltage
noise, integrated from 0.01Hz to 2MHz, has been reduced by 21%. Ts_0.1% and Ts_0.01% of
the proposed FCA are also reduced by 48%, while the proposed FCA’s supply current is only
about 74% of the conventional FCA. In addition, compared with the conventional FCA, the
proposed FCA improves the DC gain by about 20dB and well maintains this amount of gain

enhancement under P.T. variations. The significant supply current reduction, considerable
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settling time reduction, large DC gain enhancement and noise reduction under P.T. variations
clearly demonstrate the advantages and robustness of the proposed FCA. This is also evidence
that the proposed FCA has a good design compatibility that allows gain, slew rate and current

utilization efficiency to be all improved simultaneously.

6.5.3 Process corner plus mismatch variation simulation results

In this section, the two designed FCAs are simulated under both process corner and
mismatch (P.Mis) variations via the 500-run Monte Carlo simulation. The purposes of the
simulations are twofold: a) to verify the robustness of the proposed FCA under P.Mis variations;
and b) to confirm the advantages of the proposed FCA under P.Mis variations. The simulated
performance discussed in this section are transient response, offset voltage, frequency response,
noise and current utilization efficiency. The FOMs, FOML, FOM~s_0.1%, and FOMts_0.010 Of

the FCAs are also reported.

Transient Response Under Process and Mismatch Variation

: [— Input voltage = Conv. group = Prop. group{
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Figure 6.14: Transient responses of the prop. and conv. FCAs under P.Mis. variation
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Figure 6.15: Average Ts_0.01% of the proposed FCA under P.Mis. variation
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Figure 6.16: Average Ts_0.01% of the conventional FCA under P.Mis. variation
Figure 6.14 shows the simulated transient responses of the proposed and conventional FCAs

under P.Mis variations. Figure 6.15 and Figure 6.16 respectively show the histograms of the
average Ts_0.01% of the proposed and conventional FCAs under P.Mis variations. The
average SRs and settling times of both two FCAs show normal distributions. The (mean, sigma)
of the proposed FCA’s average SR, Ts 0.1% and Ts 0.01% are respectively (5.44V/us,
0.53V/us), (0.38ps, 0.027us) and (0.53us, 0.032us). On the other hand, the (mean, sigma) of
the proposed FCA’s average SR, Ts 0.1% and Ts 0.01% are respectively (1.23V/us,
0.024V/us), (0.75us, 0.02us) and (1.08ps, 0.021us). Therefore, the average improvement of

SR, Ts_0.1% and Ts_0.01% brought by the proposed FCA are respectively 4.4 times, 2 times
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and 2 times of performance of the conventional FCA. This clearly shows the favorable speed
performance of the proposed FCA. Most importantly, all the speed improvement brought by
the proposed FCA is achieved yet with a smaller power consumption which is about 73.7% of
the conventional FCA. In addition, compared with the (mean, sigma) of the conventional
FCA’s offset voltage being (0.11mV, 3.11mV), those of the proposed FCA are also moderately
smaller and are equal to (-0.39mV, 2.26mV).

Therefore, the (mean, sigma) of the proposed FCA’s FOMs, FOM_ and FOMts_0.01% are
respectively (1.04 pF*MHz/pA, 0.08 pF*MHz/pA), (2.11 pF*V/pA-ps, 0.20 pF*V/UA-uS)
and (0.74 pF/pA-ps, 0.026 pF/uA-ps). The (mean, sigma) of the conventional FCA’s FOM;,
FOML and FOMrts 0.01% are respectively (0.56 pF*MHz/pA, 0.003 pF*MHz/pA), (0.35
pF*V/uA-us, 0.003 pF*V/PA-us) and (0.266 pF/HA-ps, 0.012 pF/pA-ps). As can be seen, the
average improvement of FOMs, FOM_ and FOMrTs_0.01% brought by the proposed FCA are

respectively 1.65 times, 6.0 times and 2.8 times of the performance of the conventional FCA.

6.5.3.1  Performance Summary for P.Mis variation

The performance summary of the proposed and conventional FCAs are shown in the Table
6.5. As can be seen, compared with the conventional FCA, the proposed FCA not only reduces
power consumption but also improves settling performance under P.Mis variations. In addition,
the proposed FCA’s DC gain is also largely improved.

Compared with the conventional FCA, the proposed FCA has 27% less supply current, 21%
less integrated noise, 28% less offset voltage, 48% less Ts_0.1% and Ts_0.01% but 20dB more
DC gain. The simultaneous performance enhancement on these critical specifications under

P.Mis variations clearly demonstrate the advantages and robustness of the proposed FCA.
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Table 6.5: Performance summary of the prop. and conv. FCA under P.Mis variation

Proposed Conventional
Output Unit Mean | Stdev | Mean | Stdev
Vos mV -039 | 226 |0.11 |3.11
GBW MHz 2.38 [0.053 (198 |[0.034
PM degree 75.4710.345 [ 73.8 | 0.64
DC Gain dB 103.6 | 0.633 | 82 3.4
SR_avg V/us 5.44 10.527 | 1.23 |0.024
Ts 0.1% HS 0.38 |0.027 | 0.75 |0.02
Ts 0.01% kS 0.53 |0.032|1.08 |0.02
Vni @ 100KHz nV/sqrt(Hz) | 73.43]0.833|88.6 | 1.9
Vno integrated to 2MHz | pV 99.19 1098 |128 |20
FOMs pF*MHz/pA [ 0.92 | 0.017 | 0.56 | 0.006
FOML PF*V/uA-ps | 2.11 | 0.203 | 0.35 |0.003
FOMts_0.1% pF/pHA-ps 1.04 |0.077 | 0.38 |0.003
FOMrTs_0.01% pF/pHA-ps 0.74 1 0.045 | 0.265 | 0.004
Isupply HA 258 |0.041 |35 0.19
Iwaste HA 1.08 |0 2.0 0.177
Itail HA 1.5 0.04 |1.50 |0.028
Iwaste/ltail % 71.7710.872 | 1349 | 11.7
Itail/lsupply % 58.2 [0.23 |42.8 |0.16
CL pF 1.00 [1.00 | 1.00 | NA
Vsupply V 1.8 NA |18 NA
Process 180nm CMOS

6.6.Performance comparison to the literature

Table 6.7 summarizes the performance of the proposed FCA compared with the Chapter 5’s
proposed FCA, the FCA in [1] and the conventional FCA in a typical corner at room
temperature. Compared with Chapter 5’s proposed FCA, the FCA in [1] and the conventional
FCA, the proposed FCA enhances DC gain by 14dB, 11dB and 20dB respectively, enhances
slew rates by 1.5 times, 4.0 times and 4.4 times respectively, reduces Ts_0.1% by 22%, 54.4%
and 48%, decreases Ts_0.01% by 26%, 66.3% and 50%. As a result, FOMrs 0.1% Of this

proposed FCA and Chapter 5’s proposed FCA are the same. Their FOMrs_o.1% are as high as 3
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times of [1] and 2.68 times of the conventional FCA. Again, the aforementioned performance

comparison clearly demonstrates the advantages of this work (Chapter 6’s proposed FCA) over

[1] and the conventional FCA. Compared with Chapter 5’s proposed FCA, this works shows

comparable figure of merits but much higher DC gain, which is a critical specification for high

precision system. This work also demonstrates that the proposed gain enhancement, slew rate

enhancement and current utilization enhancements techniques in this dissertation can be

combined in a single FCA design.

Table 6.6: Performance comparison of the proposed FCA to the literature

This FCA in Conv.
Output Unit work | Chapter 5 [1] FCA
\Vos mV 2.26 2.18 2.64 2.95
GBW MHz 2.38 2.14 2.2 2.04
PM degree 75.5 70 70 74
DC Gain dB 103.8 89.69 92.75 83.5
Isupply HA 2.58 1.88 2.6 35
Iwaste A 1.08 0.38 1.1 2.0
Itail HA 1.5 1.50 1.50 1.50
Iwaste/Itail % 71.77 25.25 73.3 133.3
Itail/lsupply % 58 80 60 43
SR _avg V/us 5.46 3.66 1.355 1.23
Ts 0.1% Us 0.39 0.50 0.855 0.75
Ts_0.01% s 0.54 0.73 1.6 1.08
Vni @ 100KHz nV/sqrt(Hz) | 73.47 68.07 82.2 88.5
Vno integrated to 2MHz | pVv 99.24 93.20 113.0 127.5
FOM:; pF*MHz/uA | 0.93 1.14 0.87 0.565
FOML pF*V/uA-ps | 2.12 1.92 0.52 0.352
FOM1s 0.1% pF/UA-Us 0.99 1.08 0.449 0.38
FOMTs 0.01% pF/UA-US 0.72 0.73 0.24 0.268
FOMhoise (VIV)? 2.78 2.6 3.6 5.0
CL pF 1.00 1.00 1.00 1.00
Process Mean 180nm CMOS
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6.7. Discussion

The design example with combined gain, slew rate and current utilization efficiency
enhancement techniques shows the advantages of the design over [1] in terms of gain, settling
time, power consumption, noise, and offset voltage. The amount of the DC gain enhancement
over [1] is 11dB, which leads to an achieved DC gain of about 104dB for a single-stage FCA.
The gain enhancement is limited because only the conductance cancellation circuit for the
NMOS side of the proposed FCA is implemented as shown in Figure 6.1. If a larger DC gain
is needed for an application, a similar gain enhancement circuit can be implemented for the

NMOS side of the proposed FCA.

6.8.Summary

A design example with a combination of enhancement techniques for gain, slew rate and
current utilization efficiency has been introduced. Compared to the state-of-the-art method [1],
the proposed FCA increases DC gain by 11dB, improves slew rate by 4.04 times, and reduces
settling time with 0.1% and 0.01% settling accuracy by 2.2 and 2.96 times respectively. Due
to its design simplicity, high current utilization efficiency, low noise and offset voltage, the
proposed FCA is suitable for applications and systems where FCAs are used as single-stage
amplifiers or first stages in multi-stage amplifiers. The applications include but not limited to
battery monitoring circuits, load current sensing circuits, data converters and switched-

capacitor circuits.

6.9.References

[1]. R.Eschauzierand and NV. Rijn. "Apparatus and method for a compact class AB turn-
around stage with low noise, low offset, and low power consumption,” U.S. Patent No.
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CHAPTER 7. CONCLUSION

In this research, a series of performance enhancement techniques for operational amplifiers
are introduced including techniques for gain enhancement, slew rate enhancement, current
utilization efficiency enhancement and power efficiency enhancement.

In Chapter 2, a new method to robustly improve an op amp’ DC gain with negligible power
and area overhead via conductance cancellation has been introduced. The uniqueness of this
gain enhancement technique lies in its robust ability to track and cancel conductance under
PVT variations without the aid of any tuning circuit. Because of this unique capability, the
proposed method can bring out over 20dB enhanced DC gain that well sustains under PVT
variations. Compared with the regulated gain boosting technique, the proposed method offers
several benefits. First, it does not degrade an op amp’s settling performance including its high
precision settling. Second, the design and simulation effort involved in the design is minimal,
whereas contrastively the regulated gain boosting technique needs significant amount of design
and simulation efforts to address instability and pole-zero doublet issues. Third, the power and
area consumption of the proposed gain enhancement technique are very low. Due to its design
simplicity, low power and low area cost with no degradation of an op amp’s settling time, this
proposed technique is suitable for op amps in high precision systems such as switched
capacitor circuits, ADC drivers and filters.

In Chapter 3, we have introduced a new slew rate enhancement (SRE) circuit, which can
largely improve an amplifier’s slew rate via excessive transient feedback in the slewing phases
while preserving the amplifier’s small-signal performance through a well-defined turn-on
condition. This nonlinear operation of the introduced SRE circuit improves the linearity of the

entire amplifier. In addition, the transient current efficiency of the proposed SRE method is
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also high in the slewing phases because the increased transient tail current always improves
the amplifier’s slew rate regardless of whether the transient tail current functions as common-
mode or differential-mode for the amplifier’s input pair. Due to the little power consumption,
low area overhead, design simplicity and high effectiveness of the proposed SRE method, the
method is suitable for applications which need to provide large capacitive driving capabilities
with low static power dissipation such as switched capacitor circuits.

In Chapter 4, we have introduced a power-efficient design method for an op amp to drive
very large capacitive loads. The proposed method has several advantages compared with the
state-of-the-art methods for driving large capacitive loads. First, the proposed method
decouples large- and small-signal paths so that both the small- and large-signal performance
of the op amp can be optimized simultaneously. Second, the designed op amp with the
proposed method has a well-defined quiescent current. As a result, the designed op amp is not
sensitive to devices’ random mismatches. Third, the amount of wasted current in the preamp’s
load circuit is minimized to zero. Due to these three advantages, the designed op amp is able
to offer favorable small-signal and large-signal figure of merits simultaneously. This is an
important improvement compared with the state-of-the-art methods which can only improve
small-signal figure of merits at the cost of large-signal figure of merits or vice versa. This
proposed power-efficient op amp design is suitable for applications where large capacitive
loads need to be driven, such as LCD buffers and electro-chemical sensors.

In Chapter 5, a new technique that improves the current utilization efficiency (CUE) of a
folded cascode amplifier (FCA) has been introduced. Compared with the state-of-the-art
techniques, the proposed method provides several benefits. First, the dependency of the FCA’s

nondominant poles and phase margin on the bias current of the FCA’s cascode stage is largely
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relaxed. Therefore, the proposed FCA can significantly reduce current consumption in the
cascode stage. Second, the proposed method does not suffer from a long recovery time after
the slewing phases complete, though the cascode stage’s bias current is as low as 8.3% of the
FCA'’s tail current. Third, the proposed method does not need any frequency compensation.
As a result, the design simplicity and area consumption of the designed FCA is significantly
reduced. In addition, compared with the conventional FCA design and the state-of-the-art
method which improve settling time only with increased power consumption, the designed
FCA achieves faster settling time with decreased power consumption. Therefore, the proposed
CUE enhancement technique is suitable for applications and systems where a FCA is used as
single-stage amplifiers or the first stage in multi-stage amplifiers. The applications include but
not limited to battery monitoring circuits, load current sensing circuits, data converters, and
switched-capacitor circuits.

In Chapter 6, we have presented a designed FCA with gain, slew rate and current utilization
efficiency enhancement techniques combined. The designed FCA confirms the compatibility
of the proposed performance enhancement techniques in Chapter 2, 3 and 5. Compared with
the conventional FCA, the design example shows multiple performance improvement
simultaneously including power consumption, gain, slew rate, and settling time. As natural
byproducts of power consumption reduction, the offset voltage and noise of the designed FCA
are also decreased. Therefore, the designed FCA can be used for applications where wide input
common mode range, high gain, fast settling, low noise and low offset are needed such as

pipeline ADC’s sample-and-hold circuits and sigma-delta ADCs.
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