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Design and Anaylsis of A 2.5-Gbps Optical
Receiver Analog Front-End in a 0.35-pm Digital

CMOS Technology

Wei-Zen Chen, Member, IEEE and Chao-Hsin Lu

Abstract—This paper presents the design of an optical receiver
analog front-end circuit capable of operating at 2.5 Gbit/s. Fabri-
cated in a low-cost 0.35-pm digital CMOS process, this integrated
circuit integrates both transimpedance amplifier and post limiting
amplifier on a single chip. In order to facilitate high-speed opera-
tions in a low-cost CMOS technology, the receiver front-end has
been designed utilizing several enhanced bandwidth techniques,
including inductive peaking and current injection. Moreover,
a power optimization methodology for a multistage wide band
amplifier has been proposed. The measured input-referred noise
of the optical receiver is about 0.8 (tA,,,s. The input sensitivity
of the receiver front-end is 16 A for 2.5-Gbps operation with
bit-error rate less than 1012, and the output swing is about 250
mYV (single-ended). The front-end circuit drains a total current of
33 mA from a 3-V supply. Chip size is 1650 ym X 1500 pm.

Index Terms—Active inductor, limiting amplifier (LA), tran-
simpedance amplifier (TIA).

1. INTRODUCTION

IBER-OPTICAL networks have become a main stream for

long haul and ultra high-speed data communications. The
growing demands in broad-band access to internet, such as fiber
to the home (FTTH), have motivated marvelous explorations
of high performance optical transceivers recently [1]-[10]. This
paper presents the design of a 2.5-Gbps optical receiver analog
front-end (AFE) circuits in a low-cost 0.35-pm digital CMOS
process [1]. With the progress of CMOS photo detector (PD)
technology, integrating photo detector, transimpedance ampli-
fier (TTA), and limiting amplifier (LA) on a single chip provides
the feasibility of system integration in the future [9].

The architecture of the optical receiver AFE is shown in
Fig. 1. The incoming nonreturn to zero (NRZ) optical signal
is converted to a photo current by an external photo detector,
and regenerated to a voltage signal suitable for clock-and-data
recovery (CDR) by a TIA and an LA. Conventionally, the TIA
converts the tiny photo current generated from a photo detector
to a voltage signal of tens to hundreds millivolts, and couples it
to a LA in the other package for post amplification. Since the
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TIA’s output signal is still small, off-chip voltage coupling is
susceptible to noise disturbance.

In this design, both the TIA and the LA are integrated in a
single chip. Thus, TIA’s output can be on chip dc-coupled to
the LA, and no external coupling capacitor is required to min-
imize noise interference. Furthermore, data jitter induced by
low cutoff frequency in ac-coupled scheme can be alleviated.
For on-chip dc-coupling, an automatic dc level control circuit
(ADC) is incorporated as TIA’s output stage to adjust its output
dc level to that of the post-LA’s input dc level.

This paper is organized as follows. Section Il describes the de-
sign of the TIA in the receiver. Several bandwidth enhancement
techniques for CMOS TIA’s have been utilized. Its noise perfor-
mance is also analyzed and discussed. The design of LA is in-
troduced in Section III. The LA is basically a cascaded amplifier
chain. The gain-bandwidth performance and power optimization
are investigated in detail. Section IV describes the experimental
results. And finally, conclusions are drawn in Section V.

II. TRANSIMPEDANCE AMPLIFIER

For CMOS TIAs, the primary factors that constrain signal
bandwidth and noise performance are the inherent parasitic ca-
pacitance introduced by the photo detector and the bonding pad.
Therefore, in a conventional common source TIA architecture,
its signal bandwidth has to be severely compromised with con-
version gain and noise performance [2]. In this design, a low
input impedance TIA using regulated cascode input stage [3]
with shunt-feedback configuration is utilized [4]. Fig. 2 depicts
the circuit schematic of the TIA. The input impedance of the
TIA is greatly reduced by the local feedback amplifier (M4 +
M5) and shunt-feedback. This prevents the input pole from
dominating signal bandwidth, and the gain degradation caused
by the input shunting capacitance can be avoided.

To further enhance signal bandwidth, inductive loads at each
gain stage are also utilized to partially trim out the parasitic ca-
pacitance at the drain of M; and M, [4], [5]. Compared to using
resistive loads, signal bandwidth is improved by 80% without
gain peaking according to experimental results [4]. In this de-
sign, active inductors are employed instead of passive spiral in-
ductors for the latter ones are in general bulky and contribute
significant parasitic capacitance. The active inductors are made
up of an nMOS and a resistor, and are configured as Mg + M7,
Mg + My, and M11 + Mi5. The nMOS is operated in the sat-
uration region, and the resistor is implemented using a pMOS
operated in the triode region. Let Cys and Cyq4 be the parasitic

1057-7122/$20.00 © 2006 IEEE
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Fig. 2. TIA circuit schematic.

capacitance of Mg, Mg, M1y, M7, Mg, and Mi,, C, be the
loading capacitance at the source node of Mg, Mg, and M1,
gm be the transconductance of Mg, Mg, M1, and 74, be the
turn on resistance of M7, My, and M;». The input impedance
looking into the active inductor can be expressed as Zi,, where
(1), shown at the bottom of the page, is true, and

Within the inductive region, Zj, can be modeled as an ideal
inductor L in series with a passive resistor R2 and with another
resistor R1 in parallel, as is shown in Fig. 3. Let g,,1, be the
transconductance of M7, we have

1 Rp(Cgs + C
RimRy Rom —t pnBLlCatC)
9mL RL gmL_R_L

In order to increase the open-loop gain of the TIA, another
current source My;(i = 1,2) is added in parallel to the active
inductor. Since the tolerated input current level of the TIA is
determined by Ips3, by the current injection technique, 1/¢..6

1 can be increased without sacrificing the TIA’s input dynamic
1R (Cyai + Cyaj + Coydi)Tas; 2 range and degrading the input pole frequency. In addition, it
Imi mitigates dc drop of the active inductors. Thus, dual supplies

nx Cysi + OL + gmirasj(Cyaj + Coai) () are not required compared to the prior art in [5].
5 Cr+Clsit gmiTds; (Cyaj+Clai) ' A.ssuming the equivalent impedances introduced by t.he ac-
p2r [C1(Comit Coui+ Coai) £ Cont( Com +Coat)lrans (4)  tive inductors (Mg, M7, My1) and (Mg, My) are approximated
EATgsiTt g T gdi )T gl gdj T gdi 1T ds] by X11 + sLy and X2 + sLo, and Ciot1, Ctota, and Cloaq re-
1=26,8 1landj = 7,9, 12. spectively represents the parasitic capacitance at the drain node

P yIep P p
7 — 1 % 1+ S(OgSL Ogdj + ngi)’rdsj
. Imi 1 + s [CL+CgSi+gm;:fjj(ngj+cg(h)] + 82 [CL (Cgsi+cgti.7+C_q;;)i+(cgdj+cgda)cgsi] Tdsj
1 1+ =

~ X = M

gmi (1+2) (14 2)
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of M3, My, and Ms, the open-loop gain, T, ( f), of the TIA can
be approximated as

1
Toz(f) ~ XngmZXL2 X T s
1+ L
1+ = 1+ 2 -
>< S 52 >< S 52
1+Q1w1+w_f 1+Q2w2+g
where
A 1 m m
pr AT Dty g ®)
C(totl gms5s
X1 1 1 14 (9)
Z] =— Wl = — = — P
T ! VL1 Cor2 X1V Crot2
Xio 1 1 |/ Ly (10)
Zo =—— Wy — ——— - —
2 L2 2 vV L1 Cload XL2 Cload

The closed-loop gain T (f) can be derived as
T,-(f)

Te:(f)=—F7——""H~
“ 1+ngfTaz(f)
T, x (1 + i)
~ L gm,2X1J2+7Qlwlszf 2
s 9mlRf +Xr1gm2Xr, wf(Xngszmngf+1)
(11)
where
T 1 gmio , 1 gmio (12)
© GmR, 1202 g0 GmRe mi2

gmRy gm?2

At critical damping, the —3-dB bandwidth of T, can be ex-
tended to wy \/1 + X119m2 X 1.2gmr, according to (11). In ad-
dition, another zero at z; is introduced by inductive peaking,
which can be placed at the roll-off region of T...(f) to further
enhance bandwidth.

Both the inductive peaking and current injection techniques
are also applied in the buffer stage, which is a common source
gain stage comprised of M19 — M2 and M. In contrast to
a source follower buffer stage, it provides a moderate gain at a
relatively low power dissipation. The buffer stage also functions

as an ADC, whose output common mode voltage is preset to
the input common mode voltage (Ve ) of the LA by a local
feedback loop. This ensures dc level tracking of the TIA and
the LA despite of process and temperature variations. In this
way, the sensitive signal paths can be on-chip directly coupled
and no external coupling capacitor is required to avoid noise
disturbance.

The price paid in the regulated cascode (RGC) input stage is
the extra noise introduced by the RGC feedback amplifier. The
input-referred noise can be derived as [6]

i2, = 4kTY(gms+ Gmb1 + Ime) + 4TV gm R,
+ 4kT7(gm2 +gm,8) [Wz (Cg2 + C{il)z +g,2n6]

2
gm,2
AkTY(gma+ Gms)
(gm4+gd55)2
x |95 +92n, +* (Cint-Cyus)’ (13)
4kT m m m 2 C s C 2
n Y(gm1+ gme+gmo1)w? (Cys1+Caa) (14)

.Clznl
where + is the noise factor of the MOSFETs, Cy, is the par-
asitic capacitance at the input node, Cy2 and Cy; respectively
represent the total parasitic capacitance at the gate of M2 and
the drain of M1. To mitigate this drawback, the transconduc-
tance of M4 is chosen to be as large as possible to reduce the
input-referred noise coming from M4and M5’s thermal noise
[6]. Additionally, the tail current source (7, ) needs to be suf-
ficiently large to tolerate the input dynamic range.

III. LIMITING AMPLIFIER

Fig. 1 depicts the architecture of the LA, which is composed
of a chain of gain cells, an offset cancellation circuit, a feedback
low-pass filter, and a current mode output buffer to drive 50-(2
output loads.

A. Architecture

For a LA design, how to determine the number of gain stages
with gain-bandwidth tradeoffs and power optimization is an im-
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portant issue. Assuming each gain cell is identical and can be
approximated by a two pole amplifier, then its conversion gain
can be described by A(s), where

Ay w?
82 + 2Cwps + wi’

As) = (15)
Here, A, denotes its small-signal dc gain, ( is the corre-
sponding damping factor, and w,, is the natural frequency.
Thus, the —3-dB bandwidth of a single-stage amplifier can be

derived as w,, where
1
2
1} Wn -

After N stages gain cells are cascaded, the overall conversion
gain becomes A (s). The —3-dB bandwidth of the LA is re-
duced to w,., where

ws = [1—2¢2+ (1— 2022 + (16)

1
2

= [1—2<2+\/(1—2<2)2+2ﬁ —1} W

a7

For a Butterworth response, we want to have ( = V2 /2. By
substituting (16) into (17), the bandwidth requirement for a
single-stage amplifier in terms of the cascaded amplifier’s
—3-dB bandwidth can be derived as

1
1 T
o= (55— ) e
2v -1

Also, the gain requirement of the individual stage, As, in
terms of the LA’s conversion gain, A., can be expressed as

(18)

A, = AT, (19)
Under the above assumptions, the unity-gain frequency w,, for
the individual stages in terms of the targeted A. and w. can be
derived by substituting (19) and (17) into (15). Let |A(jw,, )| =
1, we have

1
1 1 2
v () ()
2% —1

For a common-source voltage amplifier with an input stage
transconductance g,,; and a loading capacitor C,, the relation-
ship between the achievable unity gain bandwidth w,, and the
dc biased current [;;, can be described as

x Imi x VIin
“ 7o Cr

(20)

w.

21

Thus, the estimated total power consumption of an N -stage
LA can be approximated by

P xN x w?

1
1 2 2
3( - > X(ACN—I)
2% —1

In this design, the TIA provides a conversion gain of 55 dBS2,
and the LA provides a voltage gain of 42 dB. Both circuitries
have a —3-dB bandwidth over 2 GHz for 2.5-Gbps operation.
To obtain the optimum number of stages which will require

Wl

xN Xw

(22)

Normalized value
{zH9) wpmpueq ureB Aun

stage number

—e@—single stage gain —A—single stage 3dB bandwidth
—¥—power dissapation —w—single stage unity bandwidth

Fig. 4. Gain-bandwidth performance and power consumption versus number
of stages.

the least power consumption, the simulated gain-bandwidth re-
quirements and power consumption of LAs with various number
of stages based on (22) are illustrated in Fig. 4. The gain-band-
width product and power consumption are normalized to those
of a single-stage amplifier for ease of comparison. The figure
reveals that a 3-stage cascaded amplifier consumes minimum
power. However, the required unity gain frequency for a single-
stage amplifier would be as high as 7 GHz, which is difficult
to achieve in this technology. As a compromise, we choose a
5-stage architecture for its unity gain frequency is more feasible
(~ 5 GHz).

In the above analysis, we use a 2-pole system to model a
single-stage amplifier. Compared to a single pole model as were
proposed in [11], [12], the bandwidth requirement estimated by
(20) would be closer to meet the specifications.

B. Gain Cell

The core circuit of each gain cell is shown in Fig. 5, which
is a source coupled pair with regulated cascode and inductive
loads. The regulated cascode gain cell is free from Miller ef-
fect, which prevents signal bandwidth from being severely de-
teriorated when the gain cells are hooked up. On the other hand,
input impedance of the common gate gain stage is reduced by
the loop gain ¢pm5/gm7(gme/gms)- Thus, the nondominant pole
is further pushed to a higher frequency band for stability. Let
C1 be the parasitic capacitance at the drain of M3, Cp9 be the
parasitic capacitance at the drain of M5, Cp,3 be the parasitic
capacitance at the drain of M;1, and Cyg¢0¢ be the parasitic ca-
pacitance at the drain of M9. A; is the single-stage small-signal
dc gain, (W/L); and (W/L), denote the device size of M;;,
Mo, and My, Mpo. I; and Iy represent the current flowing
through input device M; and inductor load M, respectively, and
I}, is the injected current provided by M.

The conversion gain of each gain cell can be derived as

/\
Nlm
N———

(23)

+ £
Z1
( (.Un )
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where

(W/L)il;
(W/L)p1L

\/ (W/L)(Io + 1)
- (W/L) I

W/L
W/L
ng
Cysr1 + Othot
29 R~ Ims + gm7
CLZ

P ImL1
Cyst1+Cr1

\/gm3 . (ng + gm7)
Wy R

A; =

(24)

(25)

26
(Cys3 + CL3)Cra (26)

n m7C m3C
‘= w <0953+g 7CL3 + gm3 L2)_ 27
2'g7n3 gm5+gm7

It shows that the single-stage conversion gain A, is deter-
mined by the ratio of device size (/(W/L);/(W/L)y,) and the
current ratio of the input device with respect to the inductive
load (\/I;/I1). To increase the conversion gain of each stage,
another biased current Mj; and M are injected in parallel with
the active inductor. According to (24), A; can be enhanced by
boosting /I, /Ir,. Incorporating active inductor with current
injection, the conversion gain and signal bandwidth can be in-
creased simultaneously.

Equation (27) shows that p is the dominant pole frequency, z;
is the zero introduced by the inductive load, and z5 is contributed
by the regulated cascode gain stages. Here dominant pole is lo-
cated at the drain of M3 and M. By choosing z; to be close to
p, the —3-dB bandwidth of each gain stage can be extended by
partially trim out the parasitic capacitance at the output node.
The —3-dB bandwidth can be further enhanced by placing zo
around the roll-off corner. The damping factor is chosen at the
vicinity of 1 to avoid severe gain peaking.

The input stage of the LA is shown in Fig. 6, which plays an
important role in isolating loading effects introduced by the loop
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filter. The source coupled pair in the input stage is decomposed
into 4 transistors so as to function as an input buffer and an offset
subtractor simultaneously. The offset voltage derived from the
low-pass loop filter is converted to a compensation current and is
subtracted from the input signal at the input node of a regulated
cascode gain stage. Also, the input stage translates the single-
ended input signal to fully differential output voltages, thus the
amplifier chain would have higher immunity to common-mode
noise.

As shown in Fig. 1, the input-referred offset voltage of the LA
is derived from its output common mode voltage by a second-
order low-pass filter, and fed back to the offset subtractor at the
input port. By this means, LA’s input-referred offset voltage is
reduced by 1/AQ after offset compensation, where AQ is the
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closed-loop gain of the feedback network. The dominant pole
of the loop filter is introduced by on chip resistors and an ex-
ternal capacitor to save chip area and reduce the low cutoff fre-
quency fr_3qB. Moreover, in this design, a replicated gain cell
is cascaded in front of the low-pass filter. The gain cell in the
feedback path isolates the capacitive loading introduced by the
feedback filters from the output port.

IV. EXPERIMENTAL RESULTS

The single-chip optical receiver AFE has been fabricated in
a generic single-poly triple-metal 0.35-um digital CMOS tech-
nology. The chip micrograph of the receiver is shown in Fig. 7.
Chip size is 1400 x 1500 ym?, which is limited by testing pads.
The core circuit of LA occupies a chip area of 225 x 500 pm?,
and TIA occupies a chip area of 110 x 210 zm? only. The chip
area is mainly limited by test pads, and the two circuitries are
separated by 400 pm (as far as possible) to alleviate substrate
noise coupling. Operating from a single 3-V supply, the total
power consumption is about 99 mW.

Also, individual TIA and LA test kits have been built up to
characterize their performance in detail. Both the circuits are
measured using network analyzer. The transimpedance gain and
voltage gain of the receiver are derived from S-parameters. The
TIA has a 3-dB bandwidth over 2.2 GHz with a conversion gain
of about 54.5 dB2 [4]. The measured gain response of LA is
shown in Fig. 8. The f_3 qp of LA is 2.2 GHz and the conver-
sion gain is about 42 dB, while the low cutoff frequency is about
100 kHz.

The intersymbol interferene (ISI) induced timing jitter AT of
the receiver front-end is estimated by [15]

1

W-3dB

AT =

exp(—w—3 asTp). (28)

For w_3 g = 27m(2.2 - 10%) rad/s, T, = 0.4 ns, the AT is
about 0.3 ps, which is almost negligible in a 2.5-Gbps applica-
tion.

The transient characteristic of the optical receiver (TTA +
LA) is measured in the electrical domain. Fig. 9(a) shows the
equivalent ac circuits for a 10 Gbps p-i-n photodetector [14],
and Fig. 9(b) illustrates the experimental setup and its parasitic
components. Here the ac coupled capacitor C¢ is about 0.1 uF.
The 50-2 resistor is utilized for impedance matching. On the
other hand, the 2-k{2 resistor, which is much larger than the input
impedance of the TIA, is utilized to convert external voltage ex-
citation into input current. The parasitic capacitance introduced
by the surface mount RC devices at the input of the receiver is

(a) Photo diode with packaging parasitics. (b) Experimental setup for the receiver measuerment in the electrical domain.

DBV e

58mV
sdiv

not! |’

mﬁ’d

-258mV.

Fig. 10. Measured eye diagram @1.25 Gbps, z-axis = 260 ps/div, y-axis =
50 mV/div.

modeled by C'py, which is about 0.3 pF and can be treated as the
parasitic capacitance of a photo detector. Lp and Rp represent
the inductance and series resistance of the bonding wire, which
are about 3 nH and 0.3 2 respectively. C,» denotes the parasitic
capacitance of the bonding pad, which is about 0.05 pF.

The measured input sensitivities for bit-error rate (BER) at
10710 are about 12.6 and 6.5 1A, respectively, for 2.5- and 1.25-
Gbps operations. The input sensitivity for BER less than 10712
is estimated by extrapolation using the ) function [15]. As

1 22
BER =Q(z) = ez
2rx
Lpp
r=—2— (29)

Inoise,rms

Here, I,,, denotes the input photo current, and I,,oise,rms 1S the
rms noise current at the receiver input, including the input-re-
ferred noise of the optical receiver and external noise distur-
bance. The corresponding input sensitivities of the optical re-
ceiver at a BER of less than 10~ are about 8 and 16 pA, re-
spectively, for 1.25- and 2.5-Gbps operations. When the input
current is a 223 — 1 PRBS test pattern, the measured eye dia-
grams at 1.25 Gbps (I;,, = 8 pA) and 2.5 Gbps ([, = 16 pA)
are shown in Figs. 10 and 11, respectively. The LA’s output
swing is limited to 250 mV (single-ended, 500 mV ,, differ-
ential) in both cases. The input dynamic range of the receiver
AFE is limited by the RGC input stage of the TIA. The mea-
sured input-referred noise current of the receiver front-end is
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Fig. 11. Measured eye diagram @ 2.5 Gbps, x — axis =
y — axis = 50 mV/div.

130 ps/div,

about 0.8 pA; s within 2.5-GHz noise bandwidth using spec-
trum analyzer.

V. CONCLUSION

This paper describes the design of a 2.5-Gbps optical
receiver AFE circuit in a low-cost digital CMOS process.
Integrating both TIA and LA in a single chip, the front-end
amplifier enlarges a 16 pA photo current at 2.5 Gbps to a 250
mV (single-ended) logic swing. To achieve both high gain
and wide bandwidth simultaneously, several gain-bandwidth
enhancement techniques have been explored to boost overall
performance. Instead of using bulky spiral inductors, active
inductors are utilized in this design. Thus, the chip area can
be greatly reduced. The proposed architecture is suitable for
low-cost application.
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