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1.25-Gb/s Regulated Cascode CMOS Transimpedance
Amplifier for Gigabit Ethernet Applications

Sung Min Park, Member, IEEE, and Hoi-Jun Yoo, Member, IEEE

Abstract—A transimpedance amplifier (TTA) has been realized
in a 0.6-pm digital CMOS technology for Gigabit Ethernet
applications. The amplifier exploits the regulated cascode (RGC)
configuration as the input stage, thus achieving as large effective
input transconductance as that of Si Bipolar or GaAs MESFET.
The RGC input configuration isolates the input parasitic capac-
itance including photodiode capacitance from the bandwidth
determination better than common-gate TIA. Test chips were
electrically measured on a FR-4 PC board, demonstrating tran-
simpedance gain of 58 dB{2 and —3-dB bandwidth of 950 MHz
for 0.5-pF photodiode capacitance. Even with 1-pF photodiode
capacitance, the measured bandwidth exhibits only 90-MHz
difference, confirming the mechanism of the RGC configuration.
In addition, the noise measurements show average noise current
spectral density of 6.3 pA/+/Hz and sensitivity of —20-dBm for
a bit-error rate of 10~'2, The chip core dissipates 85 mW from
a single 5-V supply.

Index Terms—CMOS, Gigabit Ethernet, optical receiver, regu-
lated cascode (RGC), transimpedance amplifier.

1. INTRODUCTION

RONT-END preamplifiers are a critical element in optical
receivers affecting the whole system performance such as
speed, sensitivity, and signal-to-noise ratio. Therefore, design
mandates careful optimization of a number of tradeoffs between
bandwidth, gain, noise, and power consumption. III-V mate-
rials such as GaAs, InP-based HBT, or HEMT have been domi-
nantly exploited to realize such amplifiers due to their inherently
high-speed and low-noise characteristics. However, silicon tech-
nologies—particularly submicron CMOS technologies—have
recently become very attractive due to their low cost and high
integration level characteristics. Even in terms of speed, they
can provide comparable potential to GaAs technologies [1].
Recently, a number of gigabit CMOS preamplifiers have been
reported [2]-[9]. Among those, optoelectronic integrated cir-
cuits (OEICs) integrate silicon photodiodes with preamplifiers
on the same substrate so that the input parasitic capacitance
and inductance of the chip can be minimized [7]-[9]. It is well
known that the input parasitic components deteriorate the band-
width and noise performance of the preamplifiers. Especially,
the photodiode capacitance is the main limitation. Therefore, it

Manuscript received September 27, 2002; revised September 3, 2003.

S. M. Park is with the School of Electrical Engineering, University of Ulsan,
Ulsan 680-749, Korea (e-mail: smpark @ee.ulsan.ac.kr).

H.-J. Yoo is with the Department of Electrical Engineering and Computer
Science, Korea Advanced Institute of Science and Technology, Daejon 305-701,
Korea (e-mail: hjyoo @kaist.ac.kr).

Digital Object Identifier 10.1109/JSSC.2003.820884

demands circuit designers to develop novel circuit methodolo-
gies to relax the input parasitic effects.

Several circuit techniques have been demonstrated in [2]-[5],
such as capacitive peaking technique, inductive peaking tech-
nique, common-gate (CG) input configuration, and common-
drain (CD) input configuration. The CG and CD input con-
figurations relax the effect of large input parasitic capacitance
from the bandwidth determination better than the conventional
common-source (CS) input. However, the poor device charac-
teristic of MOSFET such as small g,,, cannot totally isolate the
parasitic capacitance. Also, this small g,,, deteriorates the noise
and stability performance of the amplifiers.

Therefore, regulated cascode (RGC) configuration is ex-
ploited as the input stage of a transimpedance amplifier (TTA).
RGC TIAs were previously reported in [10]-[12], and this
work shares the basic configuration with the previous RGC
TIAs with appropriate modifications for higher speed opera-
tion. The RGC input mechanism enhances the input effective
transconductance to be comparable to that of Si Bipolar or
GaAs MESFET [10]. As a result, the input impedance of the
amplifier can sit at virtual ground and the effect of large input
parasitic capacitance including the photodiode capacitance can
be more efficiently relaxed from the bandwidth determination
than other configurations. In addition, the enhanced input
transconductance reduces the high-frequency noise contribu-
tion relating with the large input parasitic capacitance. This
proposed RGC TIA is realized in a 0.6-pm CMOS technology
for targeting 1.25-Gb/s Gigabit Ethernet applications.

The mechanism of the RGC input configuration is described
in Section II. In Sections III and IV, the design of the RGC TIA
and its measured results are discussed. Finally, the conclusion
is given in Section V.

II. REGULATED CASCODE INPUT STAGE

It is well known that the RGC circuit provides the charac-
teristics of high output impedance and wide output voltage
range [13]. It also has another important feature, which is
useful for high-speed low-noise preamplifier design, i.e., the
virtual-ground input impedance when the input transistor is
replaced with a current source. Fig. 1 shows the schematic
diagram of the RGC circuit. The photodiode is used as an
optical detector that converts the incoming optical power to
a signal photocurrent. The photocurrent is amplified to be a
voltage at the drain of M;. The Mp and Rp stage operates as
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Fig. 1. Schematic diagram of the RGC input stage.

a local feedback and thus reduces the input impedance by the
amount of its own voltage gain.

According to the small-signal analysis, the input resistance of
the RGC circuit is given by

1
Ziﬂ<0) - le(l + .QmBRB) (1)

where (1 + ¢g,,pRp) is the voltage gain of the local feedback
stage.

It is clearly seen that the input impedance is (1 + g5 R5)
times smaller than that of CG input. That is, the RGC input
behaves qualitatively as a CG with large transconductance G,
of gm1(1 + gmpRp). Since the value of the voltage gain (1 +
gmpBRp) is designed to be eight in this work, the RGC input
stage enables eight times better isolation of the input parasitic
capacitance from the bandwidth determination.

Meanwhile, the local feedback stage inherently produces a
zero, causing a peaking in the frequency response at the fre-
quency of

1
2rRp(Cys1 + Cyan)

(@)

fpeak =

In order to avoid this peaking from the bandwidth, either the re-
sistance Rp or the gate width W7 of M; should be reduced.
However, reducing Rp decreases the input transconductance
G, almost linearly. It also leads to the increase of the drain bias
current of Mp in order to obtain the same voltage gain (1 +
9mBRpB), thus resulting in larger power consumption. Hence,
reducing W7 is preferred since it decreases G,,, more slowly.
However, it may lead to the increase of the channel thermal noise
contribution from M; due to smaller g,,,1. Therefore, W; should
be carefully determined along with noise analysis.

III. RGC TRANSIMPEDANCE AMPLIFIER

This section describes a TIA incorporating the RGC input
configuration. Fig. 2 shows the schematic diagram of the RGC
TIA that consists of a photodiode, the RGC input stage, and a
second-voltage-gain stage. Since the input impedance is very
small due to the RGC input mechanism, it is not advantageous to
apply the negative feedback to the input node. Rather, the feed-
back can be applied to a high impedance node that is the drain

RGC Input

>
<

<
2R3

[ M4

M5

Fig. 2. Schematic diagram of a RGC TIA.

of M. With this feedback application, the dominant pole of the
amplifier moves to a higher frequency and thus wider bandwidth
can be achieved [10], [11]. However, the circuit stability should
be carefully examined because the dominant pole and the non-
dominant pole of the amplifier move close to each other and may
cause a peaking in the frequency response.

Since the RGC input stage operates as a current buffer, a
second-voltage-gain stage is required. In this work, a CD-type
voltage-gain stage is chosen because it provides smaller par-
asitic capacitance at the drain of M; than a CS voltage-gain
stage, thus deteriorating the bandwidth less. Also, it adjusts the
dc level from the RGC input stage. However, it may reduce the
total open-loop gain and degrade the circuit linearity.

According to the small-signal analysis of the RGC TIA, the
closed-loop dc transimpedance gain is given by

Ry
(14 cogmaR3ay)
if aogmaRzoy > 1 3)

ZT(O) = —aagmalRzosas [Pq

~ —Rf

where «; (1 = 2,4, 5) are the low-frequency gains of the source
followers.

It is noted that R; cannot be indefinitely enlarged because of
the power-supply constraints.

The —3-dB bandwidth of the RGC TIA is approximately
given by

(1 + a2gmsR3oy)
21 R¢[Cyar + Cy2 + C(1 + aagmsR3zas))
1

f-3aB =

- 2omR: O Cya1+Cy2 )
mhy |Cf + ( TFasgns Rean

where Cq; is the gate—drain capacitance of M, Cys is the ca-
pacitance at the gate of M», which is given by Cyp ~ Cyqo +
Cys2(1—a), and Cy is the parasitic capacitance of the feedback
resistor. Derivation of the bandwidth and the dc transimpedance
gain is described in Appendix I.

It is seen from (4) that the bandwidth of the TIA increases
with the voltage gain. However, the voltage gain cannot be in-
creased indefinitely without stability problems. If the voltage
gain is so large to nullify the effect of Cyq1 + Cy2, the ampli-
fier bandwidth becomes limited by the feedback time constant
Rf Cf .
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TABLE 1
COMPARISON OF BANDWIDTH AND NOISE CHARACTERISTICS FOR VARIOUS TYPES OF TIAS

Bandwidth (f ;.5) C,-related noise current spectral density
s TIA (1+g,,R) AHTaF(C,+Cy +C oy +Cou J ( 1 oirg, ‘J
27R, lcpd +Chy +(1+gmlRlXCf +C541)J gmlz R :
(1+g,5R,) AHT6F(Coe+ Cy +C oy + Coa V(1 o ]
—+Tg
CoTIA 2”Rf de +ngl +(l+gm2R2)C_rl gmlz le o
C6TIA (1+80R,) 4TS (C,+ c,z+ Cpy+Cuy [ 1, re, 1]
[4,10] 27R, e+ Coa+ (+8.uR, )(Cf +Cp )l &t R >
AR (Cpy +C g+ Con 1
RGC TIA {1+ g Rty — T T8z
(This work) 27le ngdJ +ng +Cf (1+%gn,3R3a4)] {gmg.;.RLJ 2
B

Noise analysis shows that the equivalent noise current spec-
tral density of the RGC TIA is approximately given by

1
o AT akT  ART (ngo,B + _RB)
"R, " Ry 2
° l (gmB + RlB)

1
X |:R_§ + wz(Cin + C1gsB + Csb1)2:|

4kTw?(Cys1 + Coap)? 1
+ ( 921 4 iB) (ngo,l + —>
Im1 Ry

n 4kTw2(ng2 + ngl + Cap1 + Cf)2

gfng
1
B3

where £ is Boltzmann’s constant, 7 is the absolute temperature,
I is the noise factor of the MOSFET, g4 is the zero-bias drain
conductance, ¢ is the parallel combination of Ry and Ry,
Ciy, 1s the input parasitic capacitance including photodiode ca-
pacitance, electrostatic discharge (ESD) protection diode capac-
itance, and bondpad parasitic capacitance, i.e., (Ci, = bd +
Crsp + Cpad), and Cy1 and Cgpy are the source-bulk and
drain-bulk capacitances of M7, respectively. The derivation of
the above equation is described in Appendix II and III.

For comparison, the noise current spectral density of the CG
TIA [4], [10] is also examined and approximately given by

R 1
ART (5 + a0

X (T!Jdo,3 + ®)

— _4kT  4kT
¢ R. Ry ’ G
1
X ﬁ + wg(cin + Cgsl + Csb1)2:| . (6)

It is seen from (5) that the thermal noise contributions from
R, and Rf¢ become dominant at low frequencies and the dom-
inant high-frequency noise comes from the third term due to the
large input capacitance (Ci, + Cys 5+ Csp1). Yet, the dominant
high-frequency noise is divided by (¢mp + 1/Rp) of the local
feedback, rather than the input transconductance g,,,1, which is
the case of the CG TIA.

In (6), g1 should be increased to reduce the high frequency
noise contribution. However, it mandates either enlarging the

gate width of M; or increasing the bias current. The former
increases the parasitic capacitance of M, thus degrading the
stability. The latter requires higher power supply or smaller R,
resulting in higher thermal noise at low frequencies. Hence, a
number of tradeoffs exist in the design of the CG TIA.

In the RGC TIA, g,,,1 is related to (Cys1 + Cyap) that is
much smaller than the input capacitance. Thus, the noise contri-
bution from M; can be significantly reduced for the same value
of gm1 as in the CG TIA. Also, the denominator (¢,,5 +1/Rp)
in the third term is controllable by sizing Mp and Rp appro-
priately, along with relatively large gate-drive voltage of Mp.
Therefore, the dominant high-frequency noise contribution due
to the large input capacitance can be efficiently reduced without
deteriorating the stability of the amplifier. In this work, the value
of g, p is designed to be three times larger than that of g,,;.

In order to achieve the minimum noise current of the RGC
TIA, the equivalent noise current spectral density is differenti-
ated with respect to W (gate width of M7) and W (gate width
of Mp), respectively. It results in two conditions to satisfy, i.e.,
(2) Cys B = Cin + Csp1 and (b) Cys1 = Oy . Also, the condi-
tion of Cys2 + Cha2 = Cyar + Cap1 + C reduces the noise con-
tribution from M, significantly, as described in Appendix III. In
this work, the gate widths of W7 and Wp are chosen to be 60
and 120 pm, respectively and the gate width W, of M5 to be
40 pm. However, further optimization is necessary to achieve
the proper power allocation between the RGC input stage and
the CD voltage-gain stage and thus to improve the noise and
bandwidth characteristics.

Table I summarizes the bandwidth and the Cq-related
high-frequency noise characteristics for various types of TIAs
(depicted in Fig. 3). It is seen that the RGC TIA can achieve
more effective isolation of the photodiode capacitance from the
bandwidth determination. Also, the C,q-related high-frequency
noise is less dependent upon the large input capacitance.

IV. MEASURED RESULTS OF RGC TIA

Test chips of the RGC TIA were implemented in a 0.6-um
digital CMOS technology. Fig. 4 shows the chip microphoto-
graph, where the core has an area of 0.5 x 0.2 mm?. ESD pro-
tection diodes with parasitic capacitance of 0.6 pF are included
in all pads. For facilitating the measurements, the photodiode is
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Fig. 4. Chip microphotograph and test fixture of the RGC TIA.
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Fig. 5. Equivalent circuit of photodiode.
modeled as an equivalent circuit shown in Fig. 5 and mounted
on a FR-4 PC board test fixture [14].

The frequency response is measured in the frequency range of
50 MHz-2 GHz, using an HP8753ES network analyzer. Fig. 6
shows the measured results, achieving transimpedance gain of
58 dBQ2 and —3-dB bandwidth of 950 MHz for 0.5-pF pho-
todiode capacitance. Even with 1-pF photodiode capacitance,
the bandwidth of the RGC TIA is measured to be 860 MHz,
showing only 90-MHz reduction. With no photodiode capaci-
tance, the bandwidth is measured to be 1.014 GHz. These re-
sults confirm the mechanism of the RGC input configuration,
i.e., the enhanced isolation of the photodiode capacitance from
the bandwidth determination. Fig. 7 shows the measured eye
diagrams at different data rates of 622.08 Mb/s, 1.0625 Gb/s,
1.25 Gb/s, and 1.86624 Gb/s for 231 —1 pseudorandom bit se-
quence (PRBS) with 125-1,A equivalent photocurrent.

The noise current spectral density of the RGC TIA is mea-
sured in the frequency range of 10-950 MHz using wide-band
low-noise amplifiers (ZFL-1000LN) and an HP8650A spectrum

Frequency (Hz)

Fig. 6. Measured frequency responses of the RGC TIA with variation of the
photodiode capacitance. [1] Cra = 0 pF; [2] Cpa = 0.5 pF; [3] Cpa = 1 pF).
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Fig. 7. Measured eye-diagrams for 22! —1 PRBS with 125-;¢A photocurrent.

analyzer. Fig. 8 shows the measured noise data along with the
simulation results, where the average noise current spectral den-
sity is measured to be 6.3 pA/ VHz. It is seen that the noise cur-
rent spectral density slowly increases even at high frequencies.
Fig. 8(a) depicts the calculated noise sources of the RGC TIA by
using MATLAB, where the total input capacitance of 2 pF and
the noise factor I' of 2.5 are assumed. It is clearly seen that the
Cpa-related noise contribution becomes dominant at high fre-
quencies, while the thermal noise contributions from resistors
are dominant at low frequencies.

Fig. 9 demonstrates the measured sensitivity of the RGC
TIA for 622 Mb/s, 1.0625 G/s, and 1.25 Gb/s 27—1 PRBS. For
1.25-Gb/s operation, the electrical sensitivity is measured to be
5 1A, for a bit-error rate (BER) of 10~'2. This corresponds to
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Fig. 9. Measured sensitivity of the RGC TIA.
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Fig. 10. Measured input impedance of the RGC TIA.

an optical sensitivity of —20 dBm, assuming the responsivity I
of the photodiode to be 0.5 A/W. It is noted that the measured
sensitivity was degraded to some extent because of the resistors

at the equivalent circuit of the photodiode. Therefore, it can
be expected that the optical sensitivity would be better than
—20 dBm with the assumption of negligible coupling loss
between fiber and photodiode.

Fig. 10 shows the measured input impedance of the RGC
TIA, where input resistance of 50 €2 is obtained. This confirms
the large effective input transconductance G, of the RGC
input stage. Although a slight peaking occurs around 500 MHz,
the input impedance does not increase over 100 2 within the
bandwidth.

The dc measurements show that the chip core dissipates
85 mW from a single 5-V supply. The performance of the RGC
TIA is summarized in Table II along with other recent TIA data.

V. CONCLUSION

The RGC technique has been exploited to realize a 1.25-Gb/s
TIA. The RGC configuration enhances the effective input
transconductance and therefore isolates efficiently the large
input parasitic capacitance from the bandwidth determination.
It also relaxes the effect of the large input capacitance on the
high-frequency noise characteristics. The measured results
of the RGC TIA demonstrate 58-dB{2 transimepdance gain,
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860-MHz bandwidth for 1-pF photodiode capacitance, and
sensitivity of —20 dBm for a BER of 10712, These data meet
the specifications for Gigabit Ethernet applications [15].

APPENDIX 1
BANDWIDTH AND TRANSIMPEDANCE GAIN OF THE RGC TIA

Fig. 11 shows the small-signal equivalent circuit of the RGC
TIA and its simplified circuit. From the small-signal analysis of
the simplified equivalent circuit, the transimpedance gain of the
RGC TIA is given by (A.1), shown at the bottom of the page,
where

Ctot = de + CESD + Cpad + CgsB + Csbl

(o)
1+ aogmsRaoy

C} = Cf(1 4+ azgmaRzos) + Cya1 + Cyaz
Cy3 = Cys3 + Cgaz(1 + gmaR3)

R; =R,

and o; (i = 2,4,5) are the low-frequency gains of the source
followers.

Hence, the dc transimpedance gain of the RGC TIA is given
by

R2] gm2vgs2 Cg3|§m3vgsS R3

vout

buffer

(b)

(a) Small-signal equivalent circuit and (b) its simplified circuit of the RGC TIA.

It is seen from (A.1) that the dominant pole is the third one
among the four poles in the denominator. Therefore, the band-
width of the RGC TIA is approximately given by

f-3aB
~ 1
B ’ ’ Cys2
27er (Cf + 1+9i12R2)
1+ asgmaRaay

1

2w Ry [Cf(1+042gm3R30l4)+ng1+ (ngz-i- H—Z‘iﬁ)}

(1 + a2gmsR3ay)
27er [ngl + Cg2 + Cf(l + (Izgmg,Rg,Ozz;)]
1

(A.3)

" ey o + (e Y]

1+a2gms Rz

If the voltage gain is so large to nullify the effect of Cyq1 + Clya,
the bandwidth becomes limited by the feedback time constant
Rf Cf .

APPENDIX II
NOISE ANALYSIS OF THE RGC TIA

Fig. 12 shows the noise equivalent circuit of the RGC TIA

Z7(0) =2 —asgmsRzauas | Ry Ry and its simplified circuit including the channel thermal noise
o (1 4+ aagmsRsay) sources of the active devices and the thermal noise sources of
~—Ry if aogmaRaos > 1. (A.2) the resistors.
R
—aagmzR3asas [Rl Hﬁ}
ZT(S) ~ (I+a2gm3Rzaq) (A1)

Cio
|:1 + sgn11(1+gnt1BRB):| [1 ts gm1

(cgs1+cgdB):| [1+8R/f (C}—}- Cys2 ):| |:1+8R2 (Cg52+cg3):|

1+gm2Ra 14+gmaR2
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Fig. 12.

First, the output noise voltage V,; due to the thermal noise of
R (igs) is given by (A.4), shown at the bottom of the page,
Ryr =Ry || Ry
C1 =2 Cys1+ Cyan
Cy =2 Cy 4+ Cya
Cys2

1+ gmaRa
Cin + CgsB + Csbl

= Cf + Cgaz +

~

Ctot -
and
Cin =2 Cpa + Crsp + Chaa.

Also, the output noise voltage V,2 due to the channel thermal
noise of My (i41) is given by (A.5), also shown at the bottom

(a) Noise equivalent circuit and (b) its simplified circuit of the RGC TIA.

of the page. The output noise voltage V.3 due to the channel
thermal noise of Mp and the thermal noise of Rp (ip = iqp +
irp) is given by (A.6), shown at the bottom of the next page.
The output noise voltage V4 due to the thermal noise of Iy
and the noise of the CD-voltage-gain stage (i = igff+ieq,cD)
is given by

Vyy=—— 2 (A7)

)

where i.q,cp 18 the noise contribution from the CD voltage-gain
stage (described in Appendix III).

Finally, the output noise voltage V5 due to the equivalent
noise current E is given by (A.8), shown at the bottom of the

1
(Rff+SCZ

Vo iRs " m1 (gmB + ﬁ) (Ad)
. (m) [(gmB + %) (gm1 + sC1) + (RI—B + sCl) (RL + sCtot)] 7 .
Vi, = a1 - [(gmB + RLB) sCy + (RLB + 801) (RL + SCtot)j| AS)

(i) (5 07+ (0] (i +0)]
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page. By equating the noise voltage V,5 in (A.8) to the sum of
the noise voltages in (A.4)—(A.7), the equivalent noise current
spectral density is approximately given by

+ wzc‘got)

(1
R?

1 2
(gmB + E)
2(C s1+C L T
+ (G 12 ga) (Z¢211 +Z%%ff)
gml
1
AT akT | akT | ART (ngo,B + E)
T R, R R 2
' f ! (gmB + R_lg)
1
+ WQ(Cin + Cgs Bt Csb1)2:|

* [R_E
4kTw?(Cye1 + CoaB)? 1
n w ( g21 gdB) <ng071 + _>
Im1 Ry
. 4kTw?(Cygz + Cyar + Cap1 + Cf)?
2
gm3

1
T R
X < gdo,3 + R3>

where k is Boltzmann’s constant, 7" is the absolute temperature,
T' is the noise factor of the MOSFET, and g4 is the zero-bias
drain conductance. It is assumed that all noise sources are un-
correlated.

a2 7D ) )
leq = 'Rs T URpf tleqcp T (ZdB + ‘RB)

(A.9)

APPENDIX III
NOISE ANALYSIS OF THE COMMON-DRAIN (CD)
VOLTAGE-GAIN STAGE WITH RESISTIVE FEEDBACK

Fig. 13 shows the schematic diagram of the (CD) voltage-gain
stage in the RGC TIA and its simplified noise equivalent cir-
cuit. For simplicity, the noise contributions of output buffer are
omitted.

The output noise voltage Vo due to 1,1 = ig2 + igo is given
by (A.10), shown at the top of the next page, where

Cr = Cf + Cap1 + Cya1 + Cyaz
C3 2 Cysz + Chas

and
Cy = Cyaz + Cya.

Cgd2
° o . 11

L o =

+ =

Cas2 Zvas2 (Y id2
—I_‘ gm2vgs2

Rf e iRf

Fig. 13.  (a) Schematic diagram of a CD amplifier with resistive feedback and
(b) its noise equivalent circuit.

The output noise voltage V2 due to To2 = 13 + iR3 is given
by

(% ++02)

The output noise voltage due to igs (Or ieq,cp) iS given by
(A.12), also shown at the top of the next page. Hence, the equiv-
alent input noise current spectral density is given by equating
the noise voltage in (A.12) and the sum of the noise voltages in
(A.10)-(A.12), as follows:

Voz = — (A1)

c— 101

1
—(gmz +5Com) — + 5(Ca + Cgsz)]

[Rf
+ io2 {( + 5Cys2) <i + sC )
gm3(gm2 + SCgs2) Jm2 952 Rf 22

1 1
N <E + sog> [R_f T o(Con + 0@} } ENVSE)

E *Imi (RLS + SCtot)

Vos =

(m) |:(gmB + RLB) (gm1 +sC1) + (RLH + 801) (RL + SCtot)} ‘

(A.6)

Vos =

E *Im1 (g'mB + R_lg)

(m) [(gmB + ﬁ) (gm1 +5C1) + (% + sCl> (RL + sCtotﬂ .

(A.8)
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9dm3 I:Rif + 5(022 + Ogs2)i| : a

(RLS “+ 804) {(gmz + 5Cy42) (R%, + 8022) + (% + 303) [R%, + 5(Coz + CgSZ)} }

Vor = , (A.10)

9Im3 (ng + SCgSZ) . ieq,CD

Vo,eq = (RLS + 804) {(gm2 + SCg52> (RLf + 8022) + (RLZ + 803) [}% + 8(022 + 0952)} }

(A.12)
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