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Abstract: A 12-Gbit/s low-power, wide-bandwidth CMOS
( complementary metal oxide semiconductor) dual negative
feedback feed-forward common gate ( DNFFCG) differential
trans-impedance amplifier ( TIA) is presented for the very-
short-reach ( VSR) optoelectronic integrated circuit ( OEIC)
receiver. The dominant pole of the input node is shifted up to
a high frequency, and thus the bandwidth of the CMOS
DNFFCG TIA is improved. Besides, two negative feedback
loops are used to reduce the input impedance and further
increase the bandwidth. The proposed TIA was fabricated
using TSMC 0. 18 pum CMOS technology. The whole circuit
has a compact chip area, the core area of which is only
0.003 6 mm’. The power consumption is 14. 6 mW excluding
2-stage differential buffers. The test results indicate that the
3 dB bandwidth of 9 GHz is achieved with a 1.8 V supply
voltage and its trans-impedance gain is 49. 2 dB(). The
measured average equivalent input noise current density is
28.1 pA/Hz"”?. Under the same process conditions, the
DNFFCG has better gain bandwidth product compared with
those in the published papers.
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‘ x T ith the exponential growth in high speed transmis-
sion, electrical interconnection has encountered a
bottleneck for the skin effect, dielectric loss, and channel
cross-talk noises'"’. As an alternative method to replace
electrical interconnection, optical interconnection has at-
tracted more and more attention. Optoelectronic integrat-
ed circuit receivers fabricated by standard CMOS technol-
ogy have become such a huge trend in optical intercon-
nects for their high cost-efficiency ™.
For an optical receiver, the photodetector converts the
optical signal into a current signal, and then the current
signal is amplified and transformed into a voltage signal
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by a trans-impedance amplifier (TIA). To achieve a pho-
todetector with high responsivity, the area of the photode-
tector should be as large as possible, but that will make
its parasitic capacitance large. However, large parasitic
capacitance will have an impact on the bandwidth of the
entire receiver.

Various techniques have been proposed to relax this
bandwidth limitation. For example, inductive-peaking
TIAs"™ and regulated-cascode (RGC) TIAs and their
modifications'®” are widely used to enhance receiver
bandwidths. RGC TIAs can effectively boost the band-
width, but the intrinsic characteristics limit the perform-
ance. The inductive-peaking technology is another way to
improve the bandwidth at the expense of voltage head-
room and area consumption. Therefore, the challenge in
designing TIAs is making a trade-off among bandwidth,
area and power consumption.

In our OEIC system, a deep-N-well-strip-spatially-mod-
ulated photodetector ( DNW-strip-SMPD) operating in an
avalanche mode has been designed and tested. The parasit-
ic capacitance is around 830 fF, and the responsivity is
1.4 A/W. Therefore, in this paper, a compact, low power
and wide bandwidth TIA is proposed for the OEIC system.

1 Circuit Design and Analysis
1.1 Design of DNFFCG TIA

Fig. 1 shows the schematic of the DNFFCG TIA with a
differential structure. The parasitic capacitance of the in-
put node is a very large value compared with other nodes
of the TIA circuit. Owing to these input parasitic capaci-
tance components, the only way to improve the 3-dB
bandwidth is to decrease the input resistance.
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Fig.1 The schematic diagram of DNFFCG differential TIA
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For the TIAs with common-gate topology, by increas-
ing g, the input resistance can be reduced, but this will
consume large amounts of power. Gain-boost technology
is proposed with a large feedback gain to obtain enough
equivalent g in the case of small g ,/g,,. In this design,
a local feedback stage is employed, consisting of Q,/Q,
Ry/R,, Q,/Q, and R,/R,. Besides,
input resistance, two negative feedback loops are also de-
signed. The first negative feedback loop is composed of
Q,/Q,, Q./Qs, R/Rs, Q,/Q, and R,/R,. The other
negative feedback loop comprises Q,/Q,, Qy/Qs and R,/
R;. The input resistance of the DNFFCG differential TIA
can be expressed as

to further reduce the

1

8us + 8us&meRs + (8o + &) (1 +8,5R 8, R;)
(1)

It can be seen from Eq. (1) that the resistance can be
reduced by increasing g,,, g, or the local feedback gain.
Fig. 2 shows the equivalent small-signal model of the DN-
FFCG TIA circuit to analyze poles and zeros.

Z,, oxrrcG =

According
to the Miller Theorem, C,, and C,, have been de-coupled
between node 1 and 2. By solving the small-signal model
equations, the approximate transfer function of DNFFCG
TIA can be derived:
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Where, g,, g;, and g, are the conductance of R,, R,
and R,, respectively; C, is the equivalent loading capaci-
tance at the output node coming from the secondary cir-
cuit; k is the equivalent miller factor of C,, and C,,. In
order to facilitate the analysis, the equation needs to be
simplified as
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Fig. 2 Equ1valent small signal model for DNFFCG TIA circuit

2
For a typical complex-pole system H(s) —$
s +2 60,5 +w,
the frequency response of the complex poles can be charac-
terized by the damping coefficient &, = Z,/(2,/Z2,Z;).
When &, >1, the circuit response speed will slow down
with the increase of ¢ which will cause the eye dia-
gram to not open. The maximal flat response will be ob-
tained for &, =0.707, while there is no bandwidth ex-
pansion effect. When 0 <¢, . <0.707, the amplitude re-
sponse will have a peak, which will extend the bandwidth
to some extent. The bandwidth expansion rate can be im-
proved with the decrease of & However, &

too small, otherwise it will cause excessive gain over-

poles ?

cannot be

poles * poles

shoot, longer settling time and smaller phase linear range.
In this design, there is a trade-off among the bandwidth
extension, the gain overshoot, and settling time, and fi-
nally £, is chosen to be 0.3. In addition, two complex
zeros in the denominator should be designed carefully. The
complex zeros are arranged near the dominant pole, which
can also play the role of expanding the bandwidth. The
frequency responses of the complex zeros are opposite to
the complex poles. To balance these two contrary effects,

Eoos =2,/ (2,/Z,Z;) is chosen to be 0.35.

Fig. 3 shows the pre-simulation AC curves of the DNFF-
CG differential TIA with the different input parasitic ca-
pacitance. The 3-dB bandwidths of 730, 830 and 930 fF
are 9.9, 9.5 and 8.9 GHz, respectively.

1.2 Noise analysis

For the entire optical receiver, the noise of the frontend
TIA is usually the dominant contributor to the input re-
ferred noise. The total equivalent input noise current
spectral density of the TIA is derived by analyzing the
equivalent input noise contributed by each noise sources.

First, the low frequency trans-impedance gain from

each node to the output needs to be derived:
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Fig.3 The pre-simulation AC curves of the DNFFCG TIA
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The overall input noise current spectral density can be
evaluated as

9 10
=2
oeq z neqR z ln,eqTQkZQ‘ =
m=4 k=1
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where i, , o is the drain noise current of transistor Q,;
and Z,
and Z, are the trans-impedance gain between correspond-

i, o +4KTR, ) +4KTR, ) Z, (8)

I, o x, 18 the thermal noise current of resistor R, ;

ing nodes and output. The total average equivalent input
noise current can be expressed as

=2 3
lneg = 5 (9)

As the values of R,, R, and R, are relatively high, the
thermal noise from these resistances cannot be the major
Theoretically speaking, Q,/Q, contributes
most to the total noise-current spectral density. There-
the W/L of Q,/Q, needs to be optimized. Fig. 4
shows the pre-simulation results of the average equivalent
input noise current densities at different W/L of Q,/Q;.
The average equivalent input noise current densities will
decrease by increasing the W/L of Q,/Q;.
C,, of Qgz/Qy will be large, and it will have an impact on
the bandwidth. Finally, the W of Q,/Q; is chosen to be
32 pm. Besides, Q,/Q,, and Q,/Q, are introduced to further

contributors.

fore,

However, the

reduce the input resistance, but it will increase the noise and
decrease sensitivity. The average equivalent input noise cur-
rent densities are increased by 6 pA/Hz"”> by simulation.
The sensitivity S can be calculated by'"”

S = % (10)

RPD

where Q is the theoretical factor; B is the bandwidth of
the TIA; and R, is the responsivity of the photodetector.
As the responsivity of the DNW-strip-SMPD is larger
than most of the photodetectors fabricated by CMOS tech-
nology, it can reduce the influence of the noise current
densities on sensitivity. Also,
achieve a large bandwidth in the case of the large parasitic
capacitance of the photodetector, so appropriate sacrifice
of noise current densities is acceptable. For BER =10 ",
Q =7 and the theoretical calculation of sensitivity is ap-
proximately —33 dBm.

it is more important to
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Fig.4 The pre-simulation results of the average equivalent in-
put noise current densities at different W of Qg/Q;

2 Implementation and Measurement Result

The chip micrograph of the proposed circuit and the di-
agram of the measurement setup are shown in Fig. 5 and
Fig. 6, respectively. The chip area is 0. 45 x 0.49 mm’
including all pads, while the core area is 0. 06 x 0. 06
mm’. At the bias condition of unified 1. 8-V VDD,
1.1-V VG, the proposed circuit consumed 24. 2 mW
power including 2-stage differential buffers, while DNFF-
CG stages consumed 14.6 mW.

Fig.5 The chip micrograph of the proposed circuit
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Fig. 6 Measurement setup

The test 3-dB bandwidth and gain are shown in Fig. 7,
as well as the simulated 3-dB bandwidth and gain. The
test 3-dB bandwidth of the proposed DNFFCG TIA is
9 GHz and the test transimpedance gain is 49. 2 dB().
Fig. 8 shows the simulated and measured average equiva-
lent input noise current densities. The measured average
equivalent input noise current density is 28. 1 pA/Hz"”.
As the test environment will affect the test result, the re-
sults of the measured average equivalent input noise cur-
rent densities are larger than the simulation results. Be-
sides, the measured minimum input peak-to-peak voltage
is 5 mV.
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Fig.7 The post simulated and measured frequency responses
of the proposed TIA
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Fig.8 The post simulated and measured average equivalent in-
put noise current densities

The figure of merit (FoM) is defined as

Zifs

FoM =
0 Inoise PDC S

(11)

where Z, is the transimpedance gain; f, ,, is the 3 dB
bandwidth; 7

noise

is the average equivalent input noise cur-
rent density; P is the power consumption; § is the core
area of the chip. FoM of the DNFFCG differential TIA is
calculated to be 299. 8. The proposed work shows superi-
ority in terms of FoM. In addition, the output eye dia-
grams measured are shown in Fig. 9 with a 2* — 1 pseud-
orandom bit sequence input data at frequencies of 10 and
12 Gbit/s (V,,,, =20 mV).

in-pp

(a)

(b)
Output eye-diagram of the proposed preamplifier with
2% —1 PRBS NRZ input data. (a) 10 Gbit/s; (b) 12 Gbit/s

Fig. 9

Tab. 1 shows a summary of the implemented CMOS
UWB TIA, and recently reported state-of-the-art CMOS
UWB TIAs. As can be seen, compared with other
works, it exhibits the highest FOM. Moreover, if the
difference of manufacturing costs between these processes
is taken into account, the performance-to-cost ratio of this
work is in the first class.

3 Conclusion

A DNFFCG differential TIA fabricated in a 0. 18 m
CMOS process is proposed for the VSR OEIC system in
this paper. Moreover, the transmission rate of 12 Gbit/s
can be achieved with a very small chip area and low con-
sumption power. Measured results demonstrate that the
TIA has a transimpedance gain of 49.2 dB() with a 3 dB
bandwidth of 9 GHz. The measured average equivalent
input noise current density is 28. 1 pA/Hz"?. The DNFF-
CG differential TIA can be applied to low cost, low pow-
er and high speed optical communication systems.
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Tab.1 Performance comparison of CMOS UWB TIA

Ref CMOS Zy/  3-dB BW/ Core area/ Ppc/ Loise” Topol Co JoF FoM/(GHz - dBQ - pA~' -
elerence technology/pum  dBQ) GHz mm’ mW (pA - Hz™"?) opology e/ P Hz? + mW~! - mm?)
Ref. [7] 0.18 55.0 7 0.100 0 18.6 17.5 Single 0.30 11.8
Ref. [8] 0.13 50.1 7 0.016 0 7.5 31.3 Single 0.25 93.4
Ref. [9] 0.18 46.0 4 0.0350 10.7 10.0 Single 0.25 49.1
Ref. [11] 0.13 55.3 6 0.040 0 2.0 24.0 Single 0.25 172.8
This work 0.18 49.2 9 0.003 6 14.6 28.1 Differential 0.83 299.8
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