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High performance power-configurable preamplifier in a high-density parallel
optical receiver”®
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Abstract: A power-configurable high performance preamplifier was implemented in standard 180-nm CMOS
technology for 12 x 10 Gb/s high-density ultra-high speed parallel optical communication system. With critical
limitations on power consumption, area and fabrication cost, the preamplifier achieves high performance, e.g. high
bandwidth, high trans-impedance gain, low noise and high stability. A novel feed-forward common gate (FCG)
stage is adopted to alleviate contradictions on trans-impedance gain and bandwidth by using a low headroom con-
suming approach to isolate a large input capacitance and using complex pole peaking techniques to substitute induc-
tors to achieve bandwidth extension. A multi-supply power-configurable scheme was employed to avoid wasteful
power caused by a pessimistic estimation of process-voltage-temperature (PVT) variation. Two representative sam-
ples provide a trans-impedance gain of 53.9 dB€2, a 3-dB bandwidth of 6.8 GHz, a power dissipation of 6.26 mW
without power-configuration and a trans-impedance gain of 52.1 dBS2, a 3-dB bandwidth of 8.1 GHz, a power dis-
sipation of 6.35 mW with power-configuration, respectively. The measured average input-referred noise-current
spectral density is no more than 28 pA/+/Hz. The chip area is only 0.08 x 0.08 mm?.
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1. Introduction

Fiber optical communication has migrated from tele-
phony and wide-area-network infrastructures where low atten-
uation and high information capacity are of most concern, to
shorter scales such as storage area networks, memory links
and even chip-scale global signals where electrical intercon-
nects are not desirable due to the explosively increased data
stream and processing demands[!l. The high-density paral-
lel optical communication system is becoming the preference
of the future short scale links with its merits of ultra-high
speed data transmission rate and low cost. The preamplifier,
the most critical module of a parallel optical receiver, aims
to meet specifications such as high bandwidth, high trans-
impedance gain, high sensitivity and with much more criti-
cal constraints, as compared to those in the traditional long-
haul optical communication system. High-performance de-
signs implementing low-cost processes, occupying low area
and consuming low power to alleviate the heat-dissipation
problem troubling in high-density analog chips are highly
preferred. In addition, it is much more difficult to achieve
broad bandwidth due to limited f7 in low-cost less-advanced
CMOS technology. Usually, peaking techniques are effec-
tive solutions, e.g. inductive peaking; capacitive peaking and
transformer peaking!?~=°. However, for a parallel receiver,
the channel width is specified to be 250 um, which is not
able to adopt such area-consuming techniques. Furthermore,
power consumption (Py:) is always an important constraint
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on preamplifier performance, especially for high-density par-
allel systems. For fair comparison between different designs,
the figure-of-merit (FOM) is defined as the gain-bandwidth
(GBW) product under unit power and unit area consump-
tion.

In this design, a novel feed-forward common gate (FCG)
stage is adopted to take the place of the traditional adopted
preamplifiers and solve the conflicts between specifications
well and achieve excellent FOM with minimum costs on area
and power consumption.

In an ultra deep submicron (UDSM) CMOS process, PVT
variations make it hard to achieve a “safe” design unless the
overly conservative design is conducted with a high safety mar-
gin. If the measured results show that the chip is at better condi-
tions than the worst case, there is extra power dissipated paying
for the overestimation. For high-density parallel optical com-
munication system, the wasted power is multiplied by the chan-
nel number and becomes an extra burden to the already trou-
bling heat dissipation problem. The heat converted from the
power consumption may impact the chip performance and in-
crease the device failure rate, which increases the cost in the
long term. Therefore, it is worthwhile to find an adaptive solu-
tion to both conduct safe design and avoid unnecessary power
consumption in parallel system because the profit is multiplied
whereas the cost overhead is shared. In this design, a power-
configurable scheme was conducted by adaptively changing
supply voltage acting on the preamplifier to keep the DC cur-
rent a satisfactory level.
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Fig. 1. Typical topologies of single-stage (a) RSF, (b) CG, (c¢) RGC and (d) FCG stages.

2. FCG preamplifier analysis

With the down-scaling of the CMOS processes, conven-
tional adopted topologies such as cascode and source followers
are not suitable due to the disproportional scaling-down ratio
of the supply and the transistor’s threshold voltage and con-
sequent constraints on design headroom. USDM technologies
do not allow two gate-source voltages to be stacked and max-
imum circuit speed to be maintained at a low power supply!8.
The following single-stage topologies are possible options in
USDM:

(1) Resistive shunt feedback (RSF) preamplifier,

(2) Common gate (CG) preamplifier,

(3) Regulated cascode (RGC) preamplifier,

(4) Feed-forward common gate (FCG) preamplifier.

Typical topologies of single-stage RSF, CG, RGC and
FCG stages are shown in Figs. 1(a), 1(b), 1(c) and 1(d).

The absolute values of the low-frequency trans-impedance
gain (Ztrsr, Zt.cc, Z1rGC, ZT.FCG) and constraint conditions
(CCxsr, CCcq, CCrac, CCreg) for the approximations to
take effect in each input stages are:

—Ri(gmiRs— 1)
gasiR1 + gmiR1 +1
CCxrsr: gmiRe> 1, gmiR1 > 1+ gaa Ry, (1)

ZTRSF ~ ~ Ry,

Rl(gml + &mbl + gdsl) ~
gmbl + gmbl + &ds1 + Lass(1 + gas1 R1)
CC,CG: 8ml + &mbl + &dsl > gdss(l + gdSlRl)a (2)

VAN Ry,

7 __&mRi(gmRz+1)
T-RGC ~ ~ Iq,
gml(gm3R3 + 1) + &dss

CCxrac: 8as134~0, (3)

Z1FcG & ¥ gubi Ry ~ Ry,
% 4 ko
* = Rigmi[l + (gm2 + gmb2) R28m3 R3],
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Fig. 2. AC response comparison for the same R (Ry).

CC grsr and CC g are harder to be met than CC rgc and
CC pcg in USDM. This means that with same R; in CG, RGC
and FCG and Ry in RSF (e.g. 470 €2, equivalent to 53.4 dBQ2),
Ztrsk and Zrtcg (49.0 and 52.4 dBS2), are smaller than
Ztree and Zt peg (both are 53.1 dBS2). The simulated AC
responses are shown in Fig. 2. The 3-dB bandwidths ( f34s_rsF,
f3dB,CG, f3dBRGC, f3dBjcg) are 26, 1.9, 4.8 and 9.5 GHZ,
respectively, which indicates that to achieve adequate trans-
impedance gain in a single stage, only the FCG configuration
can provide enough bandwidth because it is expected to be
above 8 GHz in typical case for 10 Gb/s data rate.

On the other hand, to avoid area-consuming peaking tech-
niques for bandwidth compensation, the poles at input and out-
put nodes should be carefully assigned above 8 GHz. With the
most optimistic estimation on the input node, the capacitive
loading (Cyq) is at least 300 fF. To effectively isolate Cpq, the
low-frequency input resistance (Z;,) should be no more than
66 2. For the 4 topologies:

Ri+ Re+ gasi R1 Re

Z; ~ ~ 1 , 5
in_RSF 2ot R1 + gm Ry + 1 /&mi Q)
7 N gast Ry + 1
in.CG ~
gmi + &mb1 + Ldas1 + gdss(gdisl + 1)
~ 1/(gm1 + gmb1), (6)
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Fig. 3. AC responses with equal f345 and Pyc.
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For RSF and CG, g, is required to be larger than 15 mS
to ensure that the input pole is qualified. In this design, the
upper limit of the power consumption per channel is 8 mW.
With this constraint and the bandwidth constraint of 8 GHz,
other parameters can be derived with reasonable biasing. The
RGC and FCG decrease the low-frequency input impedance
of the RSF and CG configurations by a ratio of 1+ g3 R3 and
1+(gm2 + gmv2) R2gm3 R3, respectively. Therefore, the same
Ziy can be derived in RGC and FCG with smaller g,; to avoid
large currents flowing through R; and hence enabling larger
values of R than those in RSF and CG, which can be proved
by higher Ztrge and Ztpcg in Fig. 3, where the simulated
AC curves of 4 circuits with optimized device parameters to
achieve approximately same bandwidths and power consump-
tion are illustrated.

FCG is more efficient in the reduction of input impedance
than RGC stage, which can be indicated by the preponderance
of fiaB_FcG over fiasrge, Which are 9.6 GHz and 5.9 GHz,
respectively. One reason is that the feed-forward path in FCG
brings in 2 complex poles and 2 zeros. It is well known that
for a complex-pole system, resonance can happen with the
benefit of bandwidth extension. In addition, the most attrac-
tive feature of an FCG configuration is that it achieves input
impedance reduction with lower V;, which not only alleviates
the negative effect on g, caused by the body effect but also
releases more voltage headroom for Ry, which boosts the trans-
impedance gain. As shown in Fig. 3, the FCG stage achieves
the largest Zt pcg of 53.1 dBQ2 than others with equal band-
width and power consumption. With the advantages of low
input impedance and economical headroom consumption, a
higher FOM is then achieved.

Bandgap reference
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Fig. 4. FCG with power-configurable scheme.

The noise analysis is based on the Van der Ziel MOSFET
noise model® 8], The MOSFET noise current spectral density
is comprised of three terms:

(1) The mean-square channel thermal noise current spec-
tral density:

?%d = 4kTagn, 9

where @« = ygqo/gm, ¥ ~ 1.2 and gy is the zero-bias drain
conductance.

(2) The mean-square induced gate noise current spectral
density:

12, = 4kTég,. (10)

where § ~ 4/15, g, = (0Cop)?/gao and Cy is the gate-oxide
capacitance of the MOSFET.

(3) The cross-correlation of the channel thermal noise and
the induced gate noise:

* 2 2
In,d In,g =c Ind In g

an
where ¢ ~ —0.4i.

The total equivalent output noise voltage spectral density
is contributed by each noise current sources. It is obtained by
summing up the products of each noise source multiplying cor-
responding trans-impedance gain, respectively:

Ve e =Vam+ Var

no_equ
Z( n,di |Zdl + Inzgl izgi|2
i=1

+ Toa Ty | Zai Za|) + Zlnm Zi2, (12)

i=1
where Zq1 = Zt1.vivo — ZTVovos Zgl = ZT vy Vo — ZT.ViVo;
Zyp = Zrtvive — Z1vxVo» Ly = —Zrvive; Zy3 =
—Ztvyvos Zgs = Ztvxvo; Zas = Zrvive; Ly = 0

Zr1 = Z1NoNos» Zr2 = ZTNx Vo> ZR3 = ZT.vy.vo.

Here, Z71 vivo, ZT.vxVo» ZT.Vyvo and Zrt_y,v, are the
low-frequency trans-impedance gains from V;, V4, V; to the
output node V.
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Table 1. Truth table of logic blocks of the scheme and corresponding Vypp value.

EN CTRL[1] CTRL[0] Sels Sel, Selp Selo VvoD (V)
1 0 0 0 0 0 1 1.77
1 0 1 0 0 1 0 1.67
1 1 0 0 1 0 0 1.56
1 1 1 1 0 0 0 1.46
0 X X 0 0 0 0 0.28

Table 2. Performance comparison with and without power-configuration at 9 typical corners.

Corner CTRL[1:0] f3dB (GHz) Z1 (dBRQ) Pyc (mW) FOM (10° Q-GHz/mW/mm?)
SS, 40 °C 00 9.92 10.01 55.37 55.37 6.16 6.16 1.48 1.49
S8, 27°C 00 7.78 7.90 54.70 5471 6.30 6.48 1.05 1.04
SS, 85 °C 00 6.90 6.95 54.19 5421 6.38 6.57 0.87 0.85
TT, —40 °C 01 10.55 10.85 53.75 53.77 6.68 8.21 1.20 1.00
TT, 27 °C 01 9.45 9.78 53.06 53.09 6.70 8.24 0.99 0.84
TT, 85 °C 01 7.50 8.00 52.58 52.58 6.70 8.21 0.74 0.65
FF, —40 °C 11 10.86 11.78 51.72 51.77 6.14 10.66 1.07 0.67
FF, 27 °C 11 9.70 10.40 50.98 51.06 6.12 10.55 0.88 0.55
FF, 85 °C 11 7.86 9.51 50.41 50.51 6.11 10.43 0.67 0.48

A*: Preamplifier with power-configurable scheme.
B**: Preamplifier without power-configurable scheme.

The total equivalent input noise current spectral density of
the propose FCG input stage is given by

(13)

The calculated equivalent input noise current spectral den-
sity in typical case is shown as curve “CALC” in Fig. 8.

2 2 2
Iin,cqu = Vno,cqu/ |ZTJCG| .

3. Power-configurable scheme

To stabilize the FOM of the FCG preamplifier when PVT
varies, a power-configurable multi-supply scheme is adopted
and illustrated in Fig. 4. The bandgap reference block gener-
ates 4 equally spaced voltage levels of Vi0—Vj3; from 1.8 to 1.5
V. Four power gating blocks PGo—PG3 convert Vi,0—Vp3 to Viy—
V; through large PMOS transistors either enabled or disabled,
which are controlled by switching signals Selp—Sels, respec-
tively. ¥~V are then connected together to provide virtual
Vob (Vypp) to be the supply of the FCG stage. The switching
signals Selp—Sel; are decoded from the power enable signal EN
as well as 2 control bits CTRL [1:0] through the CTRL GEN
block. The truth table of this logical block and corresponding
Vypp are listed in Table 1.

The power-configurable scheme is aimed to save redun-
dant power consumption if the chip is proved to be in better
PVT conditions than worst-case estimation. The advantage of
this scheme is both providing enough margins to ensure the
yield in the worst-case and minimizing the payments for the
overestimation if the chip is in better conditions. It is possi-
ble to implement this configuration on an FCG preamplifier
because an FCG preamplifier achieves broad bandwidth and
high trans-impedance gain with economical consumption on
voltage headroom and is hence suitable in low-supply applica-
tions. Furthermore, it is necessary to try to save power. Because
any unwanted power consumed is multiplied by the channel

numbers and would add extra burden to the already challeng-
ing heat dissipation problem. As shown in Table 2, the perfor-
mance comparison with and without power-configuration at 9
typical corners, the amount of power saved for a 12-channel
parallel optical receiver can be as large as 54.2 mW at FF cor-
ner and —40 °C. The results also show that with acceptable
Z1 and f34p, the power varies from 6.16 to 10.66 mW among
corners in preamplifiers without power-configurable scheme,
comparing to the variation range of 6.16 to 6.70 mW with
power-configurable scheme. At the same time the worst-case
FOM is improved from 0.48¢° to 0.67¢>. Another benefit for
this configuration is that it makes the design more robust ver-
sus supply variation by providing an adjustable supply. On
the other hand, the area and power overheads of the power-
configurable scheme are shared by 12 channels and hence the
cost is small. The maximum power supply noise rejection ratio
(PSRR) deterioration for preamplifier with power-configurable
scheme, as compared to that without a power-configurable
block is 3.9 dB at 5.88 GHz. When the frequency is below
3.7 GHz, the PSRR of the two preamplifiers are almost same.
The main reason of the PSRR deterioration is that the high
frequency trans-impedance gain of the preamplifier with the
power-configurable scheme is slightly worse than that with-
out a power-configurable block and it can be compensated by
removing high frequency noise on the supply with filter capac-
itors.

4. Experimental results

The proposed FCG preamplifier with analog compo-
nents of the power-configurable scheme is implemented in
SMIC 180-nm RFCMOS technology. The chip microphoto-
graph of the proposed preamplifier is shown in Fig. 5. With
the absence of area-consuming inductors and additional gain-
boosting stages, the core circuit, including the FCG stage and
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(a) TST_00 (CTRL = “00”)

(b) TST_11 (CTRL=%117)

Fig. 6. Single channel eye-diagram with 10 Gb/s 231-1 PRBS NRZ
input. (y-scale: 40 mV/div, x-scale: 20 ps/div).

equivalent power-configurable share per channel, occupies an
area of only 0.08 x 0.08 mm?, which is quite suitable for a
250-pm pitch high-density parallel optical receiver. The total
chip area with the pads is 0.47 x 0.27 mm?.

Two chips close to best and worst performance conditions
were characterized without (TST_00: CTRL="00") and with
(TST-11: CTRL="11") power-configuration to keep power
consumption at 6.26 mW and 6.35 mW, respectively. The
output eye-diagrams were characterized by using an Agilent
86100A wide-bandwidth oscilloscope. With 231-1 PRBS volt-
age at 10 Gb/s (Vinpp = 20 mV), the output eye-diagrams
of 2 chips are shown in Fig. 6. These can qualitatively cer-
tify that both preamplifiers are able to operate appropriately
at a high data transmission rate within a strict power con-
straint. The AC responses are shown in Fig. 7 with curves
TST_00 and TST_11, which exhibit Z1/ f34g of 53.87 dB£2/6.8
GHz and 52.09 dBS2/8.1 GHz, respectively. These are derived
from small-signal characteristics evaluated by the S -parameter
measurement with an Agilent 8363B network analyzer. Com-
pared to corresponding simulation curves of the best and worst
performance cases: SIM_00 (SS corner, 85 °C, CTRL="00")
and SIM_11 (FF corner, —40 °C, CTRL="11"), which exhibit
Z1/ f3ap of 54.21 dB2/6.95 GHz and 51.77 dB2/11.78 GHz,
respectively. Zt and f34p in measurement are within the varia-

=
/m
3
g
<
]
ot -—=TST_00
i — SIM_11
—~— TST 11
38F
36 1 1
0.1 1 10
Frequency (GHz)

Fig. 7. Measured and simulated AC responses.
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Fig. 8. Measured, simulated and calculated Iy, jp.

tion range of the simulation results. The equivalent input noise
current spectrum densities are derived from the noise figures
evaluated by the Agilent N§975A noise figure analyzer and il-
lustrated in Fig. 8 together with the simulated and calculated
noise. The averaged input-referred noise current spectral den-
sities of TST_00, TST_11, SIM_00, SIM_11 are 27, 28, 24, 27
pA/(v/Hz)respectively from 100 MHz up to each 3-dB band-
width, which are highly consistent with the calculation average
of 25 pA/+/Hz deduced in Section 2.

Some outstanding designs in different CMOS technolo-
gies are summarized in Table 3. The proposed design shows
an excellent GBW performance and an outstanding FOM us-
ing the power-configuration scheme. Through Ref. [8] exhibits
a higher FOM, the performance-to-cost ratio of this work is
still first-class when considering the different manufacturing
costs of these two processes (180-nm and 80-nm CMOS). The
preamplifier proposed in Ref. [11] is an excellent design also
for ultra high-speed high-density parallel optical communica-
tion systems with the same process as this work. The RGC in-
put stage together with trans-impedance feedback and external
passive network makes it less economical in power and area
consumption. The proposed design is more competitive than
other commonly used topologies for ultra high-speed high-
density parallel optical communication systems is because the
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Table 3. Performance comparison of preamplifier in different processes.

Reference Jf3dB @ Cpa ZT1 (dBRQ) Py @ Vgq/Process Noise Area (mm?) FOM
(GHz @ pF) (mW @ V) (pA/+/Hz) (kQ2-GHz/mW/mm?)

[10] 3.5@0.75 64 20 @ 3.3/500-nm CMOS 15 0.28 x 0.48 2.1

(2] 8 @ 0.25 53 13.5 @ 1.8/180-nm CMOS 18 0.45 x 0.25 2.4

[11] 79@0.8 53 18 @ 1.8/180-nm CMOS 30 0.23 x 0.25 3.4

[12] 36.5@ 0.3 53.6 110 @ 3/130-nm BiCMOS ~ 36.5 0.33 x 0.21 1.8

(8] 13.4 @ 0.32 52.8 2.2 @ 1/80-nm CMOS 50 0.14 x 0.07 240

[13]* 228@— 69.8 74 @ 1.8/1/65-nm CMOS ~ — 0.4 2.4

[14]** 30 @ — 55 9 @ 1/45-nm SOI 20.5 0.52 x 0.54 6.7

This Work 6.8 @ 0.35 53.9 6.26 @ 1.8/180-nm CMOS 27 0.08 x 0.08 84

*This design is built up with PreAmp (1.8 V) + PostAmp (1.0 V) + OutputBuffer 4+ Equalizes.

** This design is built up with PreAmp + PostAmp.

FCG stage can achieve high GBW in simpler structure with
less current branches and can dispense with inductors, which
are area-consuming. Meanwhile, the FCG topology is suit-
able for low-supply applications. Therefore, the stacked power-
configurable block takes full advantage of this merit to stabilize
performances when PVT varies without any sacrifice on power
or area.

5. Conclusions

In this paper, a power-configured FCG stage is presented
for preamplifier design in a parallel optical receiver. The pro-
posed topology resolves the contradiction of bandwidth exten-
sion and trans-impedance gain boost better than other com-
monly adopted topologies under limited voltage headroom and
power consumption and achieves an excellent FOM with out-
standing GBW performance and low power and area con-
sumption. The advantage on headroom is further exploited by
bringing in a power-configurable scheme to avoid wasteful
power caused by pessimistic estimation of PVT variation. Us-
ing a standard 180-nm CMOS process, an inductor-less 10-
Gb/s preamplifier with power-configurable scheme is designed
and fabricated. Two chips close to worst and best performance
conditions respectively exhibit a trans-impedance gain of 53.9
dB€2, 3-dB bandwidth of 6.8 GHz, power dissipation of 6.26
mW without power-configuration and trans-impedance gain
of 52.1 dB2, 3-dB bandwidth of 8.1 GHz, power dissipation
of 6.35 mW with power-configuration. Due to the absence of
inductors in the circuit implementation, the core area of the
preamplifier measures only 0.08 x 0.08 mm? and the measured
average input-referred noise-current spectral density is lower
than 28 pA/+/Hz. It is extremely suitable for monolithic sys-
tem integration in ultra high speed high-density parallel optical
communication applications in low-cost CMOS processes.
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