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Transactions Briefs

Nested Miller Compensation in Low-Power CMOS Design the NMC amplifier should have Butterworth unity-feedback frequency
response, so the gain—bandwidth product (GBW) and the dimension

Ka Nang Leung and Philip K. T. Mok conditions ofC..1 andC,.2 are given by [1]-[3], [5], [6]
. - o, 1 gms3 Gmi gm?2
Abstract—First, new stability conditions for low-power CMOS nested GBW = i\e, )= " 1)
4 'm1 2L m2

Miller compensated amplifiers are given in this brief. Then, an improved
structure, which takes the advantages of a feedforward transconductance ) ) ) )
stage and a nulling resistor, is introduced. Experimental results prove After compensation, the first pole is located at a low frequency and is

that the proposed structure improves the frequency response, transient given bypy = 1/(Cinigm2gmsRo1 Ro2 Ros). The second and third
response,'and power s_upply reje'ction ratio without increasing the power poles form a complex pole and are given ys = (gms/2CL) +
consumption and circuit complexity. J(gms/2CL). Moreover, the phase margin (PM) is about 60

Index Terms—Feedforward transconductance stage, nested Miller com-  The above stability conditions are derived based on four assump-
pensation, nulling resistor. tions: 1) the gain of each stage is much greater than or@;,2) Cnz
andC7, are greater tha’,1 andCl2; 3) gms is much larger thag,.:
andg..2; and 4) the zeros locate at much higher frequencies than the

oles.

Low-voltage low-power CMOS multistage amplifiers are increasing A simulation using a BSim3v2 model of a 0:8n CMOS process
in demand today; therefore, a frequency compensation technidiigm AMS! is carried out to verify the theory. The test circuit
which affects the frequency and transient responses of a multistagehown in Fig. 2 with a supply voltage af1 V and a loading
amplifier, becomes essential. One of the compensation topologiegdpacitance of 100 pF. The first, second, and third stages are formed
nested Miller compensation (NMC), and the stability conditions hawg M101-M104, M201—M203 and M301, respectively. Ideal current
been analyzed by Eschauzier al. [1], [2] and Huijsinget al. [3].  sources, 1b01-1b03, are used to simplify the circuit, and the values
However, Youet al. pointed out that the accuracy of their analyses igf C,,,; andC,... are calculated according to (1). The calculated and
questionable as the zeros were not taken into consideration [4]. Theigaulated results are tabulated in the dataset 1 of Table I. From the
more accurate stability conditions, which take into account the effaglsults, the positions of the poles, GBW, and PM of an NMC amplifier
of zeros, are derived and given in this brief. can be accurately predicted. Moreover, since the zeros locate at higher

In addition, NMC amplifiers suffer bandwidth reduction [1]{3]. Tofrequencies than the GBW arjgs_s|, the previous assumption on
overcome this and further improve the stability, an improved structufgglecting the right-half-plane (RHP) and left-half-plane (LHP) zero
using a feedforward transconductance stage and a nulling resistoi®proven to be valid.
NMC (NMCFNR) [5] is presented. As will be shown with theoret- From the simulation, the stability conditions provide good stability
ical analysis and experimental results, the proposed structure improyegn NMC amplifier Whems 3> gm1 andg..» holds true. However,
the frequency response, transient response, and power supply rejectigNassumption may not be valid and is difficult to achieve in low-
ratio (PSRR). power CMOS design. Although there are many circuit techniques to

In this brief, the structure discussed is limited to the three-stage afaduce the effective transconductance of the first and second stages,
plifier due to the good compromise of both the dc gain and power coffrese techniques have some disadvantages. Small bias current reduces
sumption. In Section Il, a brief review on a three-stage NMC amplifiehe slew rate [7]-[12]. The small size of the transistors introduces a
is included as a quick reference. The improved stability conditions fﬁ{rge offset V0|tage [12] Source degeneration technique reduces the
low-power CMOS design is given in Section Ill, and then the proposgghut common-mode range. Moreover, self-cascode configuration has

|. INTRODUCTION

structure is presented in Section IV. poorer frequency response compared with a simple transistor [13].
To show the effect whep,,.s is not much larger thag..,; andg,.»,
II. NESTEDMILLER COMPENSATION simulations are carried out using the circuit in Fig. 2 again, and the

. .. Jesults are listed in Table I. Four conditions are simulatedy,.k) is
The structure of a three-stage NMC amplifier is shown in Fig. uch larger tham,.i and gus: 2) g is larger thang,., only: 3)

l’;’hr?re qnd(li;) Ro(l,tz,s)t‘rqi(it, Qr)l’ C"Ll(lrﬁ)’ dandrCLiti are theit o is larger thany.,1 only; and 4)g..; is not much larger thap,,;
ansconductances, output resistances, Iumped parasitic capacitaliges The values of,,; andC,.2 are obtained according to the
at the outputs of the gain stages, compensation capacitances,

. . - . . itions in (1). It is obvious that, whep, m1 andg,,.. does
loading capacitance of the amplifier, respectively. To achieve ﬂ?}%t h (1) Pz > G Jrmz

- ) - old, the positions of the poles, GBW, and PM are not the same
stability, Eschauzieet al.[1], [2] and Huijsinget al.[3] proposed that "o 1 edicted ones. The most important thing is that the stability

is degraded. This is due to the frequency “peak” of the complex pole,

which has a small damping facta@)( Moreover, as shown in Fig. 3, the

gain margin is reduced when the RHP zero locates at a frequency close
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Fig. 1. Structure of a three-stage NMC amplifier.

frequency response, the GBW and dimension conditiors,of and
Ch,2 are given by

1 Jdm3 — m?2 ) Jm1 gm29m3
GBW=-|{~™"—" " " | =21 = 2= .
4 < CL C”ml 2(97713 - ng)C"m,Z

®3)
From (3), the effective output stage transconductance is reduced by
gm2. In fact, the actual compensation capacitances are larger than
those stated in (1). Applying the dimension conditions (3) into (2), the
low-frequency first pole i®1 = 1/Cin1gm2gmsRo1 Ro2 Ros, and the
second and third poles form a complex pole, which is given by

pas = .(]m.;CL,(}mz J-ngZC’L.(Im.) ) (4)
The ¢ of the second-order function stated in (2), which controls the
Fig. 2. Test circuit of a three-stage NMC amplifier. second and third poles, is//2. The positions of the RHP zero and
LHP zero are obtained by solving the numerator of (2) and are given
Ay (s)l by
A -20dB/dec non-dominant ZRIP = gm2 <1 _ 4C'mlgm3 + 1) (5)
/ complex pole 2Cm1 Crn2gm:2
\ / and

0dB |----- > e =56 <1 * 4(91(197: * 1) ' ©

Freq. The RHP zero locates at a lower frequency than the LHP zero since

the s term at the numerator of (2) is negative. Since the stability is not
-40dB/dec guaranteed itrup locates beforéps 3|, zrup is constrained to be
RHP zero / equal to or larger thafps 3| (i.e., |zrup| > |p2,3]). Substituting (4)

and (5) into this constraint, a condition gns is obtained as follows:
gm3 2 4gml + (\/§+ 1) gm2. (7)

' . __With the above information, the PM is calculated by the following ex-
Fig. 3. Frequency response of an NMC amplifier when the RHP zero is nepﬂression [14]:

the GBW and the complex pole has a small damping factor.

frequency peaking

. GBW
PM=180° — tan~" <—GBW> —tan™! 7ZC ( lpz, 5| )

lll. STABILITY CONDITIONS OF ANNMC AMPLIFIER IN LOW-POWER I 1 (GBW>2
CMOS DesIGN [p2, 3l
The stability conditions, GBW, and PM of a low-power CMOS NMC —tan ! < GBW ) + tan ! <GBW>
amplifier are evaluated in this sectionglfs is not always much larger |zrme| AL
thang,.1 andg..», the transfer function is given by (2), shown at the ~60° — tan—" < GBW ) 4 tan—! <GBW> . ®)
bottom of the page. It is necessary thats > g.»2 to ensure that all Zrip | ZLHP

poles are located in the LHP so that no oscillation occurs. By teriihe PM of a low-power CMOS NMC amplifier is less thar’Gfue to
porarily neglecting the zeros and setting a Butterworth unity-feedbaklenr| < zrup.

Cm_ an Cm'
g7n1g7712g7n3R01 ROQRHS <1 -5 _r) - 52 #

gm3 Jm29ms3

)

Au(s) =

(1 + SCvn] ,(}777.2,(/777,3R01 R(72R03) |:1 + S (9777'3 — ng)CmQ + 92 OT‘ Cvn2:|

gm2dm3 gm29m3
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TABLE |
SIMULATED RESULTS OF ANNMC AMPLIFIER (SUPPLY VOLTAGE = +1 V AND C';, = 100 pF)
gmi gm2 gn3 | Cmi | Cm2 P2,3 Ip2,3l ¢ Zpup/ZLyp | GBW | PM
(uA/VY | Cua/v) | (pA/vV) | (pF) | (pF) (MHz) (MHz) (MHZ) (MHZ) | (©
1 (Cal.) 92 28 1050 35 5| 0.83%£50.83 1.17 0.7071 -/- 0.42 60
1 (Sim.) 0.81+350.87 1.19 0.6814 | -1.90/2.10 | 0.42 60
2 386 28 1050 147 5| 0.81+50.87 1.19 0.6814 | -0.95/1.00 [ 0.50 54
3 92 184 1050 35 35| 0.75+50.92 1.19 0.6319 | -1.60/2.40 I 0.44 55
4 386 | 184 1050 | 147 | 35 0.724j0.92 | 1.17 |0.6163 | -0.86/1.00 | 0.56 | 47
Cmij
il
Rm
ﬂ”_._/\/\,_
gmi gm2 gm3
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R1 Cp1 R2 Cp2 R3 CL
gmf2

Fig. 4. Structure of the three-stage NMCFNR amplifier.

IV. NMC wWITH FEEDFORWARD TRANSCONDUCTANCESTAGE AND ybb
NULLING RESISTOR Feed-forward
from the output 4 transconductance
. . . . . of 1st stage = stage (gmf2)
Since an NMC amplifier suffers bandwidth reduction and stability o Mbout
degradation by the RHP zero, the proposed structure, which is shown pou

in Fig. 4, is introduced in this section. The feedforward transconduc-
tance stagey, r»), which is similar to NGCC [4], is used to cancel the _ V°c”t
feedforward small-signal current through,- at high frequencies and
also increase the effective output transconductance of the amplifier. It
is noted thaty,, s- is set to be larger thag..» in this topology. More- Mnout
over, the nulling resistorK,,,) is used to eliminate the RHP zero as is f the output
the case with the two-stage Miller compensated amplifier. The transfer rom P ~
‘ = of 2nd stage i .

function of the proposed structure is given by (9), shown at the bottom Third gain stage (gm3)
of the next page. The above transfer is derived based on two assump-
tions: 1) the gain of each stage is much greater than one afg,2) vss
Cim2, andCy. are greater tha,; andCy.. Fig. 5. Push—pull output stage formed by the feedforward transconductance

From the numerator of (9), whef,.;» > g¢gm2 and R,, = stage and third gain stage.
1/(gmy2 + gms), the amplifier has one LHP zero only. The stability

conditions can be obtained by first neglecting the effect of the LH omparing (10) with (3), the required values@f,1 andCos (es-

zero and then setting the amplifier to have a Butterworth unity-feed- . ) .
back frequency response. Thus, the GBW and dimension conditiafnesua”y for Cm2) are much smaller than those in NMC by a factor of

. Im3 +(lmj2 _gm2)/(gm3 - ng) and[(g7n3 +(lmj2 _gm2)/(gm3 -
are as follows: gm2)]?, respectively. Furthermore, the GBW is increased by the pres-

ence Ofg,, s2.
1 [ gms + gmr2 — gmo By applying (10) in (9), the low-frequency first pole is
CBW= 1 < Cr, ) p1 = 1/Cuigm2gmsRoi Ro2 Roz. The second and third poles

_ gm1 form a complex pole witli = 1/+/2 as follows:
o Cnﬂ
= gm2gm3 gms + Jmf2 — gm2 . gm3 + Imf2 — Im2
= . 10 — 4+ )

2(,(]7713 + Imyf2 — ng)CmZ ( ) J (11)

p2,3 = 20, 201
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Fig. 6. Circuit diagram of the NMC amplifier.

The PM of the proposed structure is given by

GBW
2 -
GBW) L <|pz,3|)
— tan _—
P1

- <GBW ’
[p2,3]
+tan ' <GBW)
° ZLHP

PM = 180" — tan~" <

~60° + tan ! <GBW) (12)
ZLHP
where
_ |:Cm1 + CmZ CmZ (ymfZ - gm,Z) :| -t
ZLHP = .
Imf2 + gm3 gm29m3

The feedforward transconductance stage can be implemented as
shown in Fig. 5. The feedforward stage and the third stage form a
push—pull output stage. If additional control circuitry is added, the
output stage can be changed to class-AB type. Since the quiescent
current of the PMOS and NMOS are the samgy» can be set equal
to g3 to double the GBW. The size of the PMOS is about three times
that of the NMOS to compensate for the difference of the mobilities
of carriers. Moreover, if a PM greater than’@8 not required in some
applications{',,1, which controls the GBW, can be reduced to obtain
a larger GBW.

The stability of the NMCFNR amplifier is rather insensitive to the
global variations of the circuit parameters since the stability conditions

From (12), the stability of the proposed structure is improved due ito(10) depend on the ratio of transconductances and capacitances. An-

the presence of the LHP zero.

other issue to be considered is the exact value of the nulling resistor.

Au(s) =

Cm? (gnzfz - grrLZ)

Im1dm29m3 Ro] R02R03 {1 + s |:(C7n1 + C777,2)R7n +

gm2dms3

+ ‘;2 Onzlczrlz[(gmf2 + gWLS)RWL - 1] }
gm2dms3s

(1 + scmlgngm‘JRolRo2Ro3> |:1 + 5

C7n2(grn3 + gnzfz - g7n2) + 82 CT‘Cvn2:|

gm2gms3 Gm2Gm3
©)
g7n1g777,2g7n3Ro1 Ro2Ros |:1 + S(Cm1 =+ C7n2>Rm + 82 M}
AU(S) ~ . =
(1 + SCmJQmQszSR(—,] ROQROS) <1 + 5 gl_nQ)
m2
2 Crn Cm Rm
1+ 5(Crt + Crnz) R + 57 1{172
m2
s Gt (14, G
Gm1 gm?2
L+ 5(Cont + Coa) By 4 52 EmtCmelim
= gm2 (13)

s 14 5
GBW )
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Fig. 7. Circuit diagram of the NMCFNR amplifier.
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Fi

Fig. 8. Micrograph of the NMC and NMCFNR amplifier.

Any process variation leads to incomplete elimination of the RHP zengole locate at frequencies higher than the GBW, so the amplifier is also
However, this is not a problem since a value closéf@. r2 + g.3)  stable whery,, ;. becomes large.

makes thes? term in the numerator of (9) small, and the RHP zero lo-

cates at a very high frequency and has no effect on the stability. V. EXPERIMENTAL RESULTS

The slew rate (SR) is improved since the required compensation caA low-power 2-V NMC amplifier and the NMCFNR counter-
pacitances are smaller [6]. The good PM provides a good settling tif@rt shown in Figs. 6 and 7 were fabricated in AMS double-metal

(T.) [15]. Moreover, the PSRR is also improved due to the wider bandouble-poly 0.8¢m CMOS process with respective optimum stability
width [6] conditions. The micrograph of the amplifiers is shown in Fig. 8.

The first, second, and third stages are implemented by M101-M109,
In addition to the static-state stability of the NMCFNR amplifierpm201-M204, and M301, respectively. For the NMCFNR amplifier,
the dynamic-state stability of the amplifier should also be considerafle feedforward transconductance stage is formed by M302 with
When the load current increases, eithgs or g... 2 Will be increased. signal input from the output of the first stage. As aforementioned, the
The effect on the stability of the NMCFNR amplifier under the changeutput stage is the push—pull type, and it can be modified to class-AB
of g3 andg., 2 is analyzed as follows: by an additional control circuitry. Both amplifiers have a load of
When g, is increased and is larger than,, andy,, z, (9) is 100 PF connecting in paralel with 25k The frequency responses,
changed to (13), shown at the bottom of the previous page. Since, fr8mt € an amplitier were measured by

S . impedance/gain-phase analyzer and are shown in Fig. 9 while the
(10),2 is larger than the GBW by mpre than two times and.th.e 28 3nsient responses were measured by LeCroy 9354A oscilloscope
locate after the GBW, the amplifier is always stable when is in-  5nq are shown in Fig. 10. The performances of both amplifiers are
creased. Similarly, whea,, s» is increased and is larger than» and  tapulated in Table Il for comparison.
gms, (9) is changed to (14), shown at the bottom of the next page. TheThe dc gain of both amplifiers are greater than 100 dB, and the power
second pole is canceled by a zero, and the other zero and the tisiodsumption of both is nearly the same. For the frequency response,
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A:T/R(dB)B: 8 0 MKR 590 097.030 Hz
A MAX 120.0 dB _GAIN -43.7327 mdB
B MAX 120.0 deg PHASE 42.8254  deg 2ps
120 ™1 0.50 v
Phase
—_— Lidid —
80
g I N — - 1
g ] 2 bs H 4 T
@ 40 . | 8.50 v
3 T~ ] Input
[ ] E
7] [T ——] \ A PPN FETTE FPETE PR e
2] 0 Gain HH A H-H A +
£ — . TN
£ ol e ) s /
g -40 NMC \ ’ 1 NMC
N o
NN NN
A/DIV 20.00 dB START 100.000 Hz \ / \ \3
B/DIV 20.00 deg STOP 5 000 000.000 Hz N e
NMCFNR
A T/R(dB)B: 8 O MKR 1 B37_872.074 Hz |
A MAX 120.0 dB GAIN 175.966 mdB
B MAX 420.0 deg PHASE 50.6282 deg . ) -~
120 Fig. 10. Measured transient responses of the NMC and NMCFNR amplifier
in unity-feedback configuration with a 0.5-V step input.
~ 80Pz ~—]
> r\\\\ ! ‘\ . .
g Dy Phase \ more than three times improvement on both performances. Moreover,
o 40 4 ~ ~q NMCFNR improves the negative PSRR by at least 54 dB.
s Gai i S The value ofC,,. is 30 pF and that of’,,.2 is 5.3 pF in the NM-
8 0 amn I \\ CFNR amplifier while those in the NMC amplifier are much larger with
g » Cwm1 = 99 pF andC,2 = 27 pF, respectively. As the required values
- N of the compensation capacitors are much smaller in the NMCFNR, the
s -40 '{NMCFNRJ size of the NMCFNR amplifier is about half that of the NMC counter-
S j part. Moreover, the nulling resistor of 288 can be easily integrated
-80 < Sl £ by poly resistor in any commercial CMOS process.
A/DIV 20.00 dB START 100.000 Hz
B/DIV 20.00 deg STOP 5 000 000.000 Hz
Fig. 9. Measured frequency responses of the NMC (top) and NMCFNR VI. CONCLUSION
(bottom) amplifier (only the frequencies near the unity-gain frequency are
shown).

Modified stability conditions for NMC, particularly in low-power
CMOS design, have been presented. Then, NMC with a feedforward
transconductance and a nulling resistor, which improves NMC on
when compared with the NMC amplifier, the NMCFNR amplifier hashe frequency response, transient response, and PSRR, has been
about three times improvement on the GBW aridif&rease on the introduced, analyzed, and verified by experimental results. In addition,
PM. For the transient response, the SR apdIP6) were measured it is shown that the implementation of NMCFNR is simple and no
in unity-feedback configuration with a 0.5-V step input, and there aextra power consumption is needed.

Cm: mf2 C Cm: m _R
grrngrn?grrLSRolRo?Rol’v <1 + 5 m29 2 + 52 mitm29 f2 m)

Jm29dms3 Im29m3
A~ Crnzg C.C
(1 + SCrrngm?ngRol RO2R03) <1 + s m2dm 2 + 52 Lm2 )
Im29m3 Im29ms3
Cm"fnz
gmi g7n2gm,BRo1 R:’:2R03 <1 + s M) (1 + 50777,1 R,n)
~ Ym29dm3
- Cm; p C s
(1 + SC?n] g7n2f]7773R01 R02R03) <1 + S M) <1 + s I )
gm29m3 gmyf2

_ gmi1 gm24m3 R(ﬂ Rn? RnS ( 1 + SC?n] R7n)
= C 1
(1 + Sle.(}mng‘JRolRoZRo&) <1 + S q & )
mf2
1 + .S’leRm

s Cr \’
1+ s
GBW < e gmj?)

~

(14)
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TABLE I [13] C. Galup-Montoro, M. C. Schneider, and I. J. B. Loss, “Series-parallel
MEASUREDRESULTS OF THENMC AND NMCFNR AMPLIFIER WITH LOADING association of FET's for high gain and high frequency applications,”
CONDITION 100 pF/25 K2 IEEE J. Solid-State Circuits/ol. 29, pp. 1094-1101, Sept. 1994.

[14] J. W. Nilsson, Electric Circuits 4th ed. Reading, MA: Ad-

dison-Wesley, 1993.
MG NMCENR [15] H.C.Yangand D. J. Allstot, “Considerations for fast settling operational
dc Gain >100dB amplifiers,”|EEE Trans. Circuits Systvol. 37, pp. 326—-334, Mar. 1990.
GBW 0.59MHz 1.80MHz
P 43° 51°
SR*/SR™ (V/ps) 0.23/0.23 0.82/0.75
TL/Tg (us) (to 1%) 4.25/4.36 1.12/1.18
PSRR*@1kHz 85.80dB 98.06dB .
Son O1oRE o1 100 PR A Low-Voltage Sample-and-Hold Circuit in Standard
z . . .
CMOS Technology Operating at 40 Ms/s
PSRR™@1kHz 53.66dB 107.46dB
PSRR™@10kHz 35.61dB 91.94dB Andrea Baschirotto
Power Consumption 400uW 406 W
Power Supply +1v
Cnt 99pF 30pF Abstract—The problem of realizing low-voltage SC circuits is addressed.
T The case of using standard CMOS technology without on-chip multipli-
Cn2 27pF 5. 3pF cation is focused. In this situation, a tradeoff between a high sampling
Rm - 28842 frequency and a large output swing is present. In fact the switched-op-amp
Area of the amplifier 0. 23mm? 0. 12mm? technique guarantees rail-to-rail output swing but at a low 4 MHz)

o . sampling frequency. The use of standard structures at a reduced output
Note: slew rate and settling time were measured at unity-feedback swing allows one to operate at a much higher sampling frequency=£40
configuration with a 0.5-V step input. MHz). This concept is demonstrated here with experimental results from
a 1.2-V 600 W SC double-sampled pseudodifferential sample-and-hold
(S&H) circuit realized in a standard 0.5-gem CMOS technology without
ACKNOWLEDGMENT using an on-chip voltage multiplier. With a 600-mVpp signal at 2 MHz
using a 40-MHz sampling frequency, the sample-and-hold exhibits a total

The authors would like to thank S. F. Luk and J. Chan from HKUSI?armonics distortion better than —50 dB and a CMR better than —40 dB.
for their technical assistance. Index Terms—tow-voltage, sample-and-hold, switched-capacitor
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