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Design of a CMOS Broadband Transimpedance
Amplifier With Active Feedback

Zhenghao Lu, Kiat Seng Yeo, Wei Meng Lim, Manh Anh Do, Senior Member, IEEE, and Chirn Chye Boon

Abstract—In this paper, a novel current-mode transimpedance
amplifier (TIA) exploiting the common gate input stage with
common source active feedback has been realized in CHRT 0.18
pm-1.8 V RFCMOS technology. The proposed active feedback
TIA input stage is able to achieve a low input impedance similar
to that of the well-known regulated cascode (RGC) topology.
The proposed TIA also employs series inductive peaking and
capacitive degeneration techniques to enhance the bandwidth and
the gain. The measured transimpedance gain is 54.6 dB2 with
a —3 dB bandwidth of about 7 GHz for a total input parasitic
capacitance of 0.3 pF. The measured average input referred noise
current spectral density is about 17.5 pA/ v/Hz up to 7 GHz. The
measured group delay is within 65 1 10 ps over the bandwidth
of interest. The chip consumes 18.6 mW DC power from a single
1.8 V supply. The mathematical analysis of the proposed TIA is
presented together with a detailed noise analysis based on the van
der Ziel MOSFET noise model. The effect of the induced gate
noise in a broadband TIA is included.

Index Terms—Active feedback, bandwidth extension, broad-
band, induced gate noise, regulated cascode (RGC), tran-
simpedance amplifier (TTIA).

I. INTRODUCTION

RADITIONAL optical receiver front-end circuits and

devices are usually dominated by HEMT, HBT or Si
Bipolar technologies due to their speed and noise advantages.
However, due to the following reasons CMOS technology is
becoming popular in short range optical communications, such
as the 10G Ethernet very-short-reach (VSR) application. First,
short-reach 10 Gb/s data communication standards (OC-192c,
10 Gb/s Ethernet VSR) have been specified with relaxed op-
tical sensitivity requirements comparing to those long-haul
optical communication standards, which subsequently alleviate
the design challenges using CMOS technology. Second, the
requirement of high volume, wide deployment of optical com-
ponents in short-reach communication applications inevitably
brings the cost factor to the top of all design considerations.
Third, low-cost 850 nm vertical cavity surface emitting lasers
(VCSEL) are widely used for optical transmitters in short-reach
applications and 10 Gb/s CMOS compatible silicon photode-
tectors demonstrating reasonable responsivity in the 850 nm
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wavelength range have been reported [1], [2], making fully
integrated CMOS optical receiver a good low-cost match for the
850 nm VCSEL transmitter [3]-[5]. Finally, deep-submicrom-
eter RFCMOS transistors are well capable of high-frequency
operations. With the help of carefully studied circuit design
techniques, CMOS optical preamplifiers are also able to achieve
comparable performances to those HBT, HEMT or Si Bipolar
counterparts and maintain the merits of low-power, low-cost,
high-integration and high-manufacturability [6]-[8].

CMOS transimpedance amplifiers usually employ cur-
rent-mode topology realized in the form of common gate
[8], [9] or current-mirror [8], [10] input stage to provide low
input impedance. Regulated cascode (RGC) input stage [11],
[12] is essentially a common gate configuration with active
feedback to provide even lower input impedance than simple
common gate input stage does. Therefore, better isolation of
the relatively large input parasitic capacitance from bandwidth
determination can be achieved. This paper examines another
type of current-mode TIA topology based on the common gate
input stage with common source active feedback, which pro-
vides as low input impedance as the RGC configuration does.
Hence, the influence on the TIA bandwidth by the relatively
large input parasitic capacitance including the photodetector
capacitance can be greatly reduced. The idea of active feedback
in TTA design has been introduced in [8] without any detailed
realization. The proposed TIA in this paper also employs
series inductive peaking method to extend the bandwidth. A
two-stage capacitive degeneration is used to further enhance
the bandwidth and the gain.

The mechanism of the current-mode TIA input topology with
active feedback is introduced in Section II. The mathematical
analysis of the proposed TIA design is presented in Sections III.
The detailed noise analysis of the proposed TIA is provided
in Section IV and the Appendix, which includes the induced
gate noise. Section V presents the simulation and measurement
results.

II. COMMON GATE INPUT STAGE WITH COMMON SOURCE
ACTIVE FEEDBACK

Fig. 1(a) shows the proposed common gate TIA input stage
with common source active feedback. Similar to the RGC
topology, Fig. 1(a) is both useful for current mirrors/amplifiers
design [13] and high-speed low-noise preamplifier design.
Before our analysis on this topology, a brief review of the RGC
input configuration is necessary for the purpose of compar-
ison. It is well known that the regulated cascode input stage
[11] illustrated in Fig. 1(b) is able to provide very low input
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impedance. The low frequency input resistance of the RGC
topology is about

1

_ 1
gm1(1 + gmaRs) M

Zinrac(0) =

The low frequency transimpedance gain of the RGC input stage
is given by

Zrrac(0) = Ry. )

The transfer function of the RGC input stage is given by [11]
Vo Rl

Zrree(s)=—=
ipd [1+5—gmf;i;f;R2)] [14 R, (Cp+C,)]
3)

where Cpq is the photodiode capacitance, C; =~ Cg1 4+ Cyso,
Co = Cyq1 + Cap1 and C7, is the load capacitance due to the
subsequent stage. According to (3), there are mainly two poles
affecting the —3 dB bandwidth, namely w; rac = gmi(1 +
gm2R2)/(Cpa + C;) and w1 rac = 1/R1(Cr + C,). wi rac
is determined at the input node and wq rgc is determined at the
drain of M. Due to the very small input resistance, w; rac >
w1 rcc and the dominant pole is wy rac. Nevertheless, w; rac
also contributes to the total roll-off effect and the actual —3 dB
bandwidth is

w
f-saB,rac < ﬁ 4)

There is one alternative to the RGC input configuration in the
form of common gate input stage with common source active
feedback, which is shown in Fig. 1(a). The NMOS transistor
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lp d pd
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Fig. 1. (a) The proposed common gate TIA input stage with common source active feedback. (b) RGC (regulated cascode) input stage.
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Fig. 2. Small-signal circuit model of the proposed common gate TIA input
stage with common source active feedback.

Mj is the common gate input transistor and the PMOS transistor
M5 provides the active feedback. Fig. 2 shows the small-signal
circuit model of the proposed TIA input stage in Fig. 1(a) with
a simple photodetector model included. Intuitively, The low-
frequency input resistance is given by

1

_ 5
le(l +gm2R1) ( )

Zin,cca(0) =

Based on the small-signal circuit analysis, the transfer function
of the proposed TIA input stage including the photodetector par-
asitic capacitance is given by (6), shown at the bottom of the
page, where C1 & Cys1 + Csp1 + Cap2, Co & Cyso + Cgar +
Cap1- The low-frequency transimpedance gain can be derived
from (6) as

R 1
Rrcca = ZT,CGA(O) ~ le-Rl = Rl//g—2 @)

Comparing (1) with (5), we can find that the input impedance
of RGC topology and the proposed active feedback topology is

v
Zpcga(s) = i
P

(gm1 + sCya2)

~
~

{ I:RLS + Im1 + S(de + Cl + Cg(lZ):| I:RL1 + S(CL + 02 + Cg(lZ):| + (gml + SngQ)(gm,2 - 80gd2)}

(6)
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quite similar. In RGC topology, a large g, is required and the
resistance of Ry needs to be small to maintain stability [11]. In
the proposed active feedback configuration, according to (5) and
(7), it is desirable to choose a large R; resistance and a small
gmo to achieve low input resistance and maintain a relatively
high gain. Moreover, the channel thermal noise 4KTT g40,2 of
M5 adds directly to the total input-referred noise current, where
I" is the noise factor of the MOSFET, g40,2 is the zero-bias drain
conductance of M5 and T is the absolute temperature. There-
fore, keeping the size of M, small is both desirable for gain
and noise performances. By selecting an My with small size
(Cyq2 very small) and assuming the resistance of R is rela-
tively large, (7) can be simplified to (8), shown at the bottom
of the page, where Ry cga is given by (8), w,, = \/w;w; and
Q = (1 + gmaB1)wiwr)/(wi + (1 4 gmz R1)w1)) with

L= le(l + gm2R1)

) 9

@ de + Cl ( )
1

= — 10

“ R1(CL + Cs) (10)

where w; is determined at the input node and w; is determined
at the drain of M;. Because of the small input resistance, the
dominant pole is wy and w; > wi. (8) is a typical second-order
system with the —3 dB bandwidth higher than the dominant pole
w1 . For Butterworth response, the cutoff frequency is f_3 4 =
wp /27 and

(14 gmaRi)ywiwr _ V2

Q= wi + (L4 gmoR)wr 2 ()
The bandwidth extension ratio is
BWE =2 = [% (12)
w1 w1
If we design w; = 2w;. The —3 dB cutoff frequency is
[-3 dB,Butterworth = “n o V22t (13)

o 2T

According to (11), we need to design g,,oR1 = 1 if w;
2wy . The —3 dB cutoff frequency is about 41% higher than the
dominant pole w; in the above case. Comparing (4) with (13)
and (2) with (7), we can find that the proposed active feedback
topology in Fig. 1(a) is advantageous over the RGC input con-
figuration in terms of speed at the cost of lower gain. Suppose all
other conditions to be the same, i.e., the noise contributions by
Ry, M7 and R are roughly the same for both topologies. The
input noise contributed by M» of the proposed active feedback
topology is about 4KTT g9 2. The input noise due to My /Ro
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Fig. 3. (a) Circuit schematic of the proposed TIA design. (b) Its small-signal
circuit model.

of the RGC stage is roughly (4K T (I'gao.2 + (1/R2))/(gm2 +
(1/R2))*)[(1/R2) + w?(Cpq + C;)?][11]. The proposed TIA
input stage presents less noise than the RGC input stage does
as frequency increases. However, because the gain of the pro-
posed topology is less, the noise due to the subsequent stages
will be higher. Therefore, the noise performance of the proposed
topology and the RGC stage should be similar.

III. CIRCUIT DESIGN AND ANALYSIS

In this section, a transimpedance amplifier incorporating the
proposed active feedback input topology is presented and an-
alyzed. Fig. 3(a) shows the proposed TIA schematic including
a simple photodetector model. The series input inductor L; is
used for bandwidth extension. The gate of M is biased using
[Rp1, Rp2, Cp]. According to our discussion in Section II, the
proposed TTA input topology provides good bandwidth perfor-
mance at the expense of gain. Therefore, a two-stage capacitive
degeneration [M3, R3, Rs3, Cs3] and [My, R4, Rsy, Cy4] is em-
ployed to provide extra gain and boost the bandwidth at the same
time.

The output impedance of a discrete TIA typically needs to be
matched to 50 €2 to drive the transmission line. However, the
trend is to integrate the TTIA with the main amplifier on one chip
[14], thereby avoiding the interstage 50 {2 matching. Our design
goal is to integrate the proposed TIA with the main amplifier in
the future. Therefore, the output load is not matched to 50 2

Zr.caals) - : ! ®)
T,CGA(S) = : = iT.cGA 3
’ 1 ma R R (CL+C5) Cpat+C 9 Ri(CL+C2)(Cpa+Ch) s s

T gm2tin g +s |: 11+97L112R12 gml(f-l-gm;Rl):| + 52 gﬁi1(1+gmsz1) : L+ wn@Q 1wl
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to relax the gain and power dissipation tradeoffs. The low-fre-
quency transimpedance gain is given by

Ry gm3 3 gmalls

T 1+ gmaR1 1+ gm3zRes3 1+ gmaRes’
(14)

Zpr1a(0) = Ry

Fig. 3(b) shows the small-signal circuit model of the proposed
TIA. The two-stage capacitive degeneration part is simplified
to a voltage amplifier model with transfer function Tz (s). The
output load capacitor C'r,o is mainly due to the parasitic capac-
itance of the output pad, which is around 100 {F in this design.
According to Fig. 3(b), the complete transfer function of the
proposed TIA is

Vout

ZT,TIA(S) = ~ ZT,CGA(S) . T.T(S) (15)

Upd

where Zr cga(s) is the transfer function of the proposed TIA
input stage with series inductive peaking, which is given by (16),
shown at the bottom of the page, where C; ~ Cpq + Capa,
C1 = Cys1+Csp1, Co = Cyen+Chq1+Cap1 and Cf is the load
capacitance due to the second stage, which is approximately the
sum of the Miller capacitances of C'yq3 and Cy,3. As mentioned
in Section II, M5 is designed with small size. Comparing to
other parts, C'y42 is negligible. Assuming the resistance of R,
is relatively large, (16) can be simplified to (17), shown at the
bottom of the page.

In Fig. 3, Tz(s) = wout/v, is the transfer function of
the two-stage capacitive degeneration part, where v, is the
small-signal output voltage and v, is the small-signal voltage
at the drain node of M. The first capacitive degeneration stage
[Ms, R3, R.3, C.3] contributes a zero wo = (R,3C,3)~" that
can be used to compensate part of the roll-off effect due to the
input stage. Besides this zero, the capacitive degeneration also
generates an additional pole w3 = (1 + gm3Rs3)/Rs3Cs3 at

a considerably higher frequency. Because we also need this
stage to provide extra gain, the resistance of R is designed to
be relatively large.

The second capacitive degeneration stage [My, R4, Rsa, Cs4]
generates a zero at wy = (Rs4Cs4) ™!, which is used to cancel
the pole determined at the drain node of Mj3. This stage also
creates a pole ws = (1 + gmaRsa)/RsaCsy at a consider-
ably higher frequency. After the bandwidth extension by the
two-stage capacitive degeneration, the —3 dB bandwidth of the
TIA is mainly determined by the pole located at the output node
wo = (R4Cro)~1, which is at about 1/(27 - 300 Q - 100 fF) ~
5.3 GHz in this design. Nevertheless, the other poles at consid-
erably higher frequencies such as ws and ws also contribute to
the total roll-off effect. For the purpose of analysis simplicity,
we neglect all these poles at higher frequencies. Based on the
above discussion, the transfer function Tz(s) in Fig. 3(b) is give
by
Vout ~ ngRS gm,4R4 1 + wiQ

Tx(s) = ~ .
( ) Vo 1 + gmBRSS 1 + gm4Rs4 1 + O;_Qo

(18)

The zero wy = (Rs3C,3)~" is used to compensate part of the
roll-off effect due to the input stage. The pole wg = (R4Cro) ™"
is determined at the output node. The complete transfer function
of the proposed TIA is therefore given by (19), shown at the
bottom of the page, where C;, C, C5 and C'r, are defined in (16),
Rrx = Ri(gm3R3/(1 + gm3Rs3))(gmaRa/(1 + gmaRss)),
w1 ~ [R1(Cp+C%)]™1, wo and wo are defined in (18). Equation
(19) is a fourth order system. As mentioned previously, the zero
wo is used to compensate part of the roll-off effect due to the
input stage. Because of this zero in the numerator of (19), the
transfer function cannot be resolved to a standard Butterworth
response. To investigate the frequency response of the proposed
TIA regarding the bandwidth extension effect by the capacitive

U
Zp.caa(s) = ﬁ ~
pd

Ry

(gm2 — sCya2)R1 + {S(Cq + Cya2) + (RL + g1 + 801) [14 s2L1(C; + ngz)]} LR (Cr +Co+Coar)

(16)

Im1+sCga1

Z ( ) UO Rl
T,cGA(S) = — &
it LgmaRy+ (14555 ) L+ 5By (Cr + Ca)] + (1 + g Ly + $2LiCh) [1+ sBa(Cr + Ca)] s S}
(17)
’UO’U.,
Zr,m1a(s) = ; df ~ Zr.caal(s) - Tx(s)
P
1+ = R
w2 TX (19)

1+2 {ngRl + (1 + Sgc—ll) (1 + w—i) + (14 sgm1L1 + s2L.1Ch) (1 + wil) SL}

gm1
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degeneration and the series inductive peaking, we reorganize
(19) to

7 (s) ~ R 1+cz
TTIALS) =~ AT (14 a1z + asx? + azz® + agx?)(1 + byx)
(20
where Ry is given by (14) and
x=8/w, = jw/wn (21
1 Ci+ C;
a; =wp (— + 1—) /(1 + gmaR1) (22)
w1 gm1
C1 + C;
as :wz (14 + L10i> /(1 + ngRl) (23)
W1gm1
1 C
43 =W 11C, <w— + —1> [0+ guaRy)  4)
1 Ym1
L,C;C
s =wi =2 /(1 + guaRy) (25)
Wi1gmi1
by =" (26)
wo
o =2 27)
wa
When |z| = 1, which means w = w,,, (20) becomes
1 +j61
Z n) ~ R - —.
rria(wn) ~ Rr (14 a4 —a2) +j(a1 —a3)] (1 +jb1(?28)

If we want w,, /27 to be the —3 dB cutoff frequency w. /27, we
can write

a1 =as (29)
1 2 1 2
J A _V2 (30)
1+b1|1+a4—a2| 2
From (29) we obtain
1, Ci+C;
) (w—l t o )
w; 3D

LG (& + &)

In this design, because of the gain and noise requirements,
we set g2 Ry = 1 with g,,2 = 2 mS and Ry = 500 Q. The
dominant pole w; at the drain of M; is at about 1.8 GHz when
Ry = 500 Q. As mentioned previously, after the bandwidth
extension by the two-stage capacitive degeneration, the —3 dB
bandwidth is determined by wg. According to (20) and (26), it
is desirable to design wq as high as possible. However, due to
the gain-bandwidth tradeoff, we can only make wqg as high as
2w -5.3 GHz with about 55 dB(2 transimpedance gain according
to the calculation. The bandwidth of the core TIA is not enough
for 10 Gb/s applications and additional bandwidth extension is
to be achieved by inductive peaking with the inductor L;. The
bandwidth extension using series inductors has been extensively
studied in numerous publications such as [8], [15]-[17].

Now we start to solve equations from (22)—(31) on condi-
tions that g,,o = 2 mS, Ry = 500 Q, w; ~ 27 - 1.8 GHz,
wo ~ 27-5.3 GHz and g,,1/C1 & 27 fr &~ 2760 GHz. By nu-
merical calculation and assuming the input parasitic capacitance
C;, which includes the photodiode capacitance, is about 300 fF,

a: proposed TIA response with C,;=2.61
a b: 4"-order Butterworth response
c: proposed TIA response with C;=2.15

1 b\ d: 4"-order Bessel response
= 4
£ 08 d )
O 0.707
=
L
S 0.6
E
P
2 04t ™
02+
0.93
0 t t t i
0 0.5 1 1.5 2

Frequency Normalized to 8.6GHz

Fig. 4. MATLAB calculated normalized frequency response based on (32).

701 dB Ohm a: without capacitive degeneration and
inductive matching
b: with capacitive degeneration and
without inductive matching
60 c: with capacitive degeneration and
inductive matching
<
a
50
40
30 26 4G 6G 8G 106

Frequency (Hz)

Fig. 5. Post-layout simulated transimpedance frequency response of the pro-
posed TIA under different conditions.

we obtain L1 ~ 1.4 nH, w,, = 27 - 8.6 GHz, g,,1 ~ 15 mS,
a1 = a3 ~ 3.01, as =~ 3.601, ays ~ 0.521, by ~ 1.62 and
c1 =~ 2.61. As mentioned previously, (20) cannot be resolved
to standard Butterworth response due to the zero ws. (32) is the
normalized transfer function of the proposed TIA circuit.

ZT,TIA,normalized(S)
1
~ o . (32)
(14 a1z + a22? 4+ azz® + agx*)(1 + byx)

Fig. 4 shows the MATLAB calculated frequency response
based on (32). The normalized standard fourth-order Butter-
worth and Bessel frequency response are also plotted in Fig. 4
for comparison. In Fig. 4, the $y$-axis is the normalized gain
and the $x$-axis is the normalized frequency. The frequency
is normalized to w,, /27 at about 8.6 GHz. With ¢; =~ 2.61,
although a —3 dB bandwidth of w./27 = w,, /27 ~ 8.6 GHz
is achieved, the frequency response exhibits nearly 20% over-
shoot. By numerical analysis, we are able to obtain a very
close to maximally-flat gain response when c; ~ 2.15 with
other polynomial coefficients unchanged. The —3 dB cutoff
frequency in this case is about w. /27 = 0.93w,, /27 ~ 8 GHz,
which is calculated with MATLAB. Therefore, the finalized
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Fig. 6. Small-signal circuit model of the proposed TIA input stage with series input inductor for noise analysis.

frequency response of our proposed TIA circuit is shown by
curve “c” in Fig. 4 with a —3 dB bandwidth of 8 GHz. As
shown in Fig. 4, the proposed frequency response is between
the Butterworth response with maximally-flat gain and the
Bessel response with maximally-flat group delay. The finalized
transfer function is

Zr 114(8)
1+ 2152
T(143.01243.60122+3.012°+0.5212%)(1+1.62z)
(33)

where Ry is given by (14) and z = s/w,, = jw/w,. Based on
the above analysis, all design parameters can be calculated.

The transimpedance frequency response is also simulated
using the Cadence SpectreRF with CHRT 0.18 pym RFCMOS
PDK with all parasitics included (post-layout simulation). The
simulation result is shown in Fig. 5 for comparison. The devices
(MOSFETs, Resistors, Inductors and Capacitors) used in our
calculation in Section III are ideal. However, they are non-ideal
in reality. Therefore, some small adjustments on the device
sizes with the help of circuit simulator are necessary to meet the
design objectives. The finalized device sizes are illustrated in
Fig. 3. The simulated transimpedance gain is about 54.5 dB(2.
In Fig. 5, curve “a” is the simulated transimpedance frequency
response without series inductive peaking and capacitive de-
generation, which has a —3 dB bandwidth of about 2.2 GHz.
Curve “b” of Fig. 5 is the simulated result with capacitive
degeneration but without inductive peaking, which has a —3
dB bandwidth of about 4.6 GHz. After the bandwidth extension
by capacitive degeneration and series inductive peaking, the
simulated —3 dB bandwidth is about 8 GHz, which is shown
by curve “c” in Fig. 5. The simulation results agree with the
mathematical calculation very well, which confirms our circuit
analysis and design procedure.

IV. NOISE ANALYSIS OF THE PROPOSED TIA

The noise characteristics of the transimpedance preamplifier
in terms of the input referred noise current spectral density or
the equivalent input noise current spectral density is of primary
importance in the determination of the sensitivity of the whole
optical receiver front-end [8], [14].

In this section, we will investigate the equivalent input
noise current characteristics of the proposed TIA with noise
reduction effect provided by the series input inductor L; shown

in Fig. 3(a). The noise analysis is based on the van der Ziel
MOSFET noise model [18] including the channel thermal
noise, induced gate noise and their cross-correlation. The detail
of the van der Ziel MOSFET noise model and its application in
noise analysis could be found in [7], [18], [19].

It is well-known that besides bandwidth extension, the input
series inductor can also help to reduce the equivalent input noise
[10], [20], [21]. The small-signal circuit model based on the van
der Ziel noise model for noise analysis of the proposed TIA
input stage including the input series inductor L; is shown in
Fig. 6, where C|;42 is neglected for analysis simplicity according
to the discussions in Sections II and III. In the following deriva-
tions from (34)to (38) and in the Appendix, C; ~ Cpq + Cap2,
C1 = Cap1+Cys1, Ca = Cya1 + Cap1 + Cys2, Cipy = C; +Ch,
C, =~ Cr+Cs, Z, = R1//(1/sC,), Zr is given by (17), K
is Boltzmann constant, 7" is the absolute temperature, I is the
noise factor of the MOSFET, g4 is the zero-bias drain conduc-
tance and & = g/ gdo-

To derive the total equivalent input noise current spectral den-
sity, one need to derive the equivalent input noise contributed by
each noise sources in Fig. 6 such as M7, Ms, R; and R, respec-
tively, then add up all these noise contributions together. The de-
tailed derivation can be found in the Appendix. The total equiva-
lent input noise current spectral density of the propose TIA input
stage with series inductive peaking can be obtained by summing
up the respective noise components from (A.7)—(A.14), which
is given by

2 g R Z"?L,eq,R + i?l,eq,]\ll + ii,eq,]\[Z (34
where
i2 g r (1= W’ L1Cy)? é + Ril
X [(1 — wZLlCi)Z + ﬁ
m1
2 CiCi \’
‘ <1 w L1m> (35)

I w2C? w2C?

2 (1= WL 02— (1—|e?) + == T
n,eq,M1 ( 1 ) 594 I ( | | ) .‘772n1 gdo,1
C1C;

1— w2l =
<|(-wnaie)
2
Cos a2
(1= L C) 2l 5F] (36)
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Fig. 7 shows the MATLAB calculated input referred noise
current spectral density of the proposed TIA input stage without/
with the series inductive peaking based on (34), where we use
I'=12,a = 1and § = 4/3. For curve “a”, the induced gate
noise and the correlated noise are absent. For curve “b”, we use
¢ = —0.77 in the calculation. Both curve “a” and “b” are without
the inductive peaking.

According to curve “a” and “b” of Fig. 7, the correlated noise
helps to reduce the total input referred noise but this noise reduc-
tion effect is not significant. Such kind of noise reduction at op-
timum transistor size is considerable in short channel MOSFETSs
[22]. However, the optimum transistor size for best noise perfor-
mance may not be achievable if there is not enough design head-
room left for noise optimization after meeting the gain-band-
width requirement. According to (34), the size of M needs to
be very large to achieve a significant noise reduction, which will
also reduce the bandwidth by a considerable amount. Due to the
technology limitation and the tradeoff between the noise and the
gain-bandwidth product, we cannot achieve the best noise per-
formance without degrading the gain-bandwidth product for this
design. Therefore, neglecting the effect of the induced gate noise
in a broadband TIA usually does not cause too much noise pre-
diction error. Curve “c” of Fig. 7 is the calculated noise based
on (34) with the series input inductor L; = 1.4 nH. The in-
duced gate noise and the correlated noise are included. Com-
paring curve “b” with curve “c”, the series input inductor can
help to reduce the input referred noise significantly.

According to the discussion in Section II, the gain of the pro-
posed common gate TIA input stage with common source active
feedback is not high enough to suppress the noise of the second
stage to a negligible level. Therefore, it is more accurate to in-
clude the noise contribution by the second stage to evaluate the
noise performance of the whole TIA circuit. Nevertheless, the
effect of the noise due to the second stage is not as important
as the input stage. We therefore neglect the induced gate noise
of the second stage for mathematical simplicity. Based on the
schematic shown in Fig. 3, the input referred noise current spec-
tral density contributed by the capacitive degeneration second
stage (M3, R3, Rs3) is given by

12 4KT

Zr| 1+ w?R%,C%

1\ (14 gmsRe”
<F9d0,3 + R_> <w> + Rs3
3 9gm3

72
n,eq,3

~
~

X (38)

where Z is given by (17). As we can see from the denominator
of (38), the capacitive degeneration topology has a counter-ef-
fect to noise increment as frequency increases. The total equiv-
alent input noise current spectral density of the proposed TIA
can be evaluated by

2 a2 2 22 -2
Uneq N Unjeq, Rt lneq, M1 T Uneg 2 T U eq 3¢

(39)

Curve “d” of Fig. 7 shows the MATLAB calculated input re-
ferred noise current spectral density based on (39), which in-
cludes the noise contribution of the input stage and the second
stage of our propose TIA circuit in Fig. 3(a). This result is also
used in Fig. 11 to estimate the noise performance of the whole
TIA circuit.

V. SIMULATION AND MEASUREMENT RESULTS

The circuit simulation is carried out using the Cadence
SpectreRF with CHRT 0.18 ym RFCMOS PDK with para-
sitics included (post-layout simulation). The transimpedance
response simulation result is shown in Fig. 5. The simulated
transimpedance gain of the proposed TIA is about 54.5 dB2
with a —3 dB bandwidth of about 8 GHz, which is shown by
curve “c” in Fig. 5. Fig. 8 shows the post-layout simulated
output eye-diagram with 23! — 1 PRBS (Pseudo-Random-Bi-
nary-Sequence) NRZ input data.

To test the feasibility of the proposed common gate TIA
input stage with active feedback and to verify the proposed
TIA design in Fig. 3, the propose TIA is implemented with
CHRT 0.18 pm 2-poly 6-metal RFCMOS process. L is
implemented using on-chip spiral inductor for the purpose
of monolithic implementation and improving area efficiency.
Fig. 9 shows the chip microphotograph of the proposed TIA.
An on-chip MIM capacitor C)4 of 0.2 pF is used to mimic the
effect of the photodiode parasitic capacitance. Together with
the parasitic capacitance of the input pad that is around 0.1
pE, the total input parasitic capacitance is about 0.3 pF. The
chip is measured on wafer with Cascade Microtech Coplanar
Ground-Signal-Ground (GSG) probes. The frequency response
is measured using HP8510C network analyzer. Fig. 10 shows
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Fig. 8. Post-layout simulated output eye-diagram of the proposed TIA with
(a) 0.1 mA peak-peak input current, (b) 0.5 mA peak-peak input current, both
with 10-Gb/s 231 — 1 PRBS NRZ input data.
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Fig. 9. Chip microphotograph of the proposed TIA.

the measured transimpedance/Sy; frequency response, which is
represented by the solid curve in Fig. 10. For a typical 10 Gb/s
TIA, the bandwidth is usually around 0.6 B to 0.7 B for NRZ
data if the receiver bandwidth is set by the TIA, where B stands
for the bit rate [8]. As shown in Fig. 10, the transimpedance
frequency response is tested from 500 MHz to 10 GHz and
the data is captured using Agilent IC-CAP. The measured
low-frequency transimpedance gain is around 54.6 dB{2 and
the —3 dB bandwidth is about 7 GHz (0.7 B).

Comparing to the simulated results also plotted in Fig. 10, the
measured gain matches the predicted gain very well at low fre-
quencies. However, the measured gain drops faster as frequency
increases. The measured —3 dB bandwidth is 1 GHz lower than
the predicted. This is most possibly due to the non-ideality or in-
accurate model of the spiral inductor. The spiral inductor model
provided by this process is optimized at 2.45 GHz while it is not
accurate for frequencies beyond that. To investigate this issue,
extra resistive and capacitive parasitics are added to the inductor
used in the simulation. The adjusted simulation result with extra
parasitics added to the inductor is also shown in Fig. 10 by the
dashed curve, where we can see that the corrected simulation
can be well fitted to the measured curve. Although such kind of
adjustment by simply adding extra parasitics is not rigid, we still
can infer that the difference between the measured and predicted
transimpedance gain is most probably due to the spiral inductor.
The EM radiation loss, the silicon substrate loss and process
variations may also contribute to such bandwidth degradation.
However, such kind of degradation effect is not significant in
this case. The measured S;; is below —10 dB up to 9 GHz.
As mentioned in Section III, the output load is not matched to
50-Q2 for future integration with the main amplifier. Therefore,
the measured Ss is around —5 dB.

Fig. 11 shows the measured input referred noise current spec-
tral density from 800 MHz to 10 GHz. The predicted input re-
ferred noise current spectral density based on curve “d” of Fig. 7
is also shown in Fig. 11 for comparison. The measured input re-
ferred noise current spectral density is about 17.5 pA/ VHz in
average up to 7 GHz. According to Fig. 11, the calculated input
referred noise current spectral density matches the measured
noise very well. This confirms the validity of our noise anal-
ysis in Section IV. The measured total input referred RMS noise
current is about 1.8 pA integrated up to 10 GHz. This translates
to an optical sensitivity of —13.8 dBm at 1072 bit-error-rate
if a CMOS compatible 10 Gb/s photodetector with 0.3 A/W
responsivity is assumed [8], [14], [25]. According to [26] and
[25], the optical sensitivity requirements for 10G Ethernet VSR
(2-300 m) and OC-192c short-haul (17-20 km) applications are
—9.9 dBm and —12 dBm, respectively.

The optimum bandwidth alone does not guarantee the per-
formance of the TIA. Even if the transimpedance frequency re-
sponse | Z7(s)| is flat up to sufficient high frequency, distortions
in the form of data dependent jitter may occur if the phase lin-
earity of Zr(s) is not sufficient. The group delay is used to mea-
sure the phase linearity. Typically, a group delay variation of less
than £10% of the bit rate over the specified bandwidth is require
to limit the generation of data dependent jitter [8]. The group
delay is calculated from the measured phase response. The mea-
sured group delay frequency response of the proposed TIA is
shown in Fig. 12. According to Fig. 12, the group delay is about
65 =+ 10 ps, which is within the requirement of £10% of the bit
rate over the specified bandwidth for 10 Gb/s applications.

The chip consumes 18.6 mW DC power from a single 1.8 V
supply. The whole chip size is 0.55 x 0.6 mm? including pads
and the circuit occupies 0.4 x 0.25 mm?. Table I summarizes the
performance of the proposed TIA and presents a comparison
to some other TIAs in 0.18-ym CMOS. All the results listed
in Table I are based on measurements. The figure-of-merit of
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wide-band amplifiers in terms of gain-bandwidth-product per
DC power (GHzQ/mW) is also shown in Table I. According to
the comparison, the proposed TIA achieves similar performance
to the RGC TIA of [17]. The gain-bandwidth product of the
proposed TIA is less than the RGC TIA mostly because the RGC
TIA in [17] employs a Sth-order input matching and that of the
proposed TIA is a 3rd-order one. However, the proposed TIA
shows improved phase-linearity.

VI. CONCLUSION

A novel 10 Gb/s CMOS transimpedance amplifier based on
the proposed current-mode input topology with active feedback

Measured transimpedance/S1; frequency response of the proposed TIA.

is designed and silicon-verified. The proposed TIA is designed
to exhibit a transimpedance frequency response between the
Butterworth response and the Bessel response. A noise analysis
based on the van der Ziel MOSFET noise model is presented.
The effect of the induced gate noise in a broadband TIA is in-
cluded. The noise analysis indicates that in broadband TIA de-
signs, it is usually not possible to achieve optimum noise and
wide bandwidth simultaneously. Therefore, the noise reduction
effect by the induced gate noise in a broadband TIA is not sig-
nificant. The measurement data confirms our circuit design pro-
cedure and noise analysis method. The measured noise perfor-
mance meets the sensitivity requirements for 10G Ethernet VSR
and OC-192c short-haul applications.

APPENDIX
NOISE ANALYSIS

Before we start to derive the input referred noise current
spectral density contributed by each of the noise sources of
the proposed TIA, we will first derive the equivalent input
noise current spectral density contributed by R; as an example.
According to Fig. 6, the equivalent input noise current due to
R, is given by

Un,o

Zr

(A1)

n,eq,R1 =

where vy, , is the output noise due to the thermal noise of [2; and
Zr is the input stage transimpedance gain given by (17) Based
on Fig. 6 and regarding the noise sources as linear voltage/cur-
rent signals, we obtain

Up,o = Zo(in,Rl — 1) (A.2)

it A — gmll (A3)
7+ 9m +5Ci + (R—S + gml) s2L1C;

12 = gm2Vn,o (A4)

where 4, r1 is the thermal noise current of ;. Based on
(A.1)-(A.4) and assuming the resistance of R is relatively
large to simplify the analysis, we obtain

Zo

in,eq,Rl ~A- 7 : in,Rl (AS)
T
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TABLE 1
PERFORMANCE COMPARISON OF TIAs IN 0.18-gm CMOS

References Bandwidth Gain Power Input-Referred | Chip Area | Group Design GBP/Py,
(GHz) (dBS2) | Consumption Noise (mm?) Delay Techniques (GHzQ/mW)
(mW) (pA/VH?) (ps) Employed
15 without 200@ Three-stage Cascode
[23] Photodiode 58 1.8V 12 NA NA Distributed Amplifiers 60
Capacitance
[24] 30.5@ 51 60.1@ 343 1.17x0.46 NA Multi-stage 7-Type 180.1
0.05pF 1.8V Inductor Peaking
[17] 8@ 53 13.5@ 18 0.45x0.25 +20 Input-stage Sth-Order 266.7
0.25pF 1.8V Passive Matching
[15] 9.2@ 54 130@ 17 0.8x0.8 +25 Multiple Interstage 33.5
0.5pF 2.5V Passive Matching
This Design 7@ 55 18.6@ 17.5 0.4x%0.25 +10 Input-stage 3rd-Order 206.9
0.2pF 1.8V Passive Matching
where where 6 = 4/3 for long channel devices and increases in short
channel devices [7], [18], [19]. The equivalent input noise cur-
A~ <1 + si + 52 Ll@) rent spectral density contributed by the channel thermal noise
Im1 of Mj is given by
C; 9 ‘ gmal ) 5
8 <1 * sgml Tt laCit 1+sRC, )" (4.6) Npa1 =i2 4 ‘A% —(1- w2L1C'Z)2
’ T
In the above analysis, we regard the noise sources as linear w202 C.0 \2
voltage/current signals. However, for noise calculation, each ~4KTT'g40,1 72 & <1 — Wi, C’lT7C'> . (A.11)
ml 1 i

noise contribution must be expressed in mean square value.
Therefore, the input referred noise current spectral density
contributed by R; is given by

5 Zo
Nn,Rl %ZEL’RI AZ—T
4KT w2C?
~ 1—w’ L) + —5
Ry [( v )+ 972n1
CiCi \’
X <1—w2L1ﬁ> . (AT

The equivalent input noise current spectral density con-
tributed by each noise sources could be obtained based on
Fig. 6 following the similar noise analysis procedure. Starting
from left side of Fig. 6, the equivalent input noise current
spectral density attributed to the channel thermal noise of M,
is given by

Nn,d2 = ’L%’dz = 4KTng0,2 (AS)
where I' = 2/3 for long channel devices and can be more than
one in short channel devices [7], [18], [19]. The equivalent input
noise current spectral density due to R, is given by

4KT
(1 —w?L1Cy)2.

Nn,Rs ~ (A9)

S

The equivalent input noise current spectral density contributed
by the induced gate noise of M is given by

202
Nyt ~ AKT6 2951 (1 — 2L, C;)?

(A.10)
59d0,1

The equivalent input noise current spectral density contributed
by the induced gate noise of M5 is given by

5 Zo 2
N’n,g2 %232 —AZ—T
wzczgg (UZC?
99do,2 Im1
CiC; \?
X (1 -w?Li———— | .(A12
( w 101 +C7:) ( )

The channel thermal noise and the induced gate noise are cross-
correlated. Based on (A.10), (A.11), the correlated noise of 4
and i, 41 is

Nn,cl ~ _2|C| (1 — w2L1C1-)
g

ml
C1C;

X <1 — w2L1 m) \/ i_(2]17:721,d1' (A13)

Based on (A.8) and (A.12), the correlated noise of 742 and %y, 42
is

C1Gi SN

(A.14)
where c is the correlation coefficient. The value of the correla-
tion coefficient is theoretically ¢ = —0.3955 for long channel
MOSFETs for noise polarities that the channel thermal noise
flows from the drain to the source and the gate noise flows from
the source to the gate [18], [19]. For short channel MOSFETs,
the magnitude of the correlation coefficient can take an abstract
value of more than 0.75 [22].

C.
Npeo & —2|c|w—m <1 — WL,y
Im1
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