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Abstract: High gain, wide bandwidth, low noise, and low-power transimpedance amplifiers based on new BiCMOS com-
mon-base topologies have been designed for fiber-optic receivers. In particular a design approach, hereafter called "A more-
FET approach”, added a new dimension to effectively optimize performance tradeoffs inherent in such circuits. Using con-
ventional silicon 0.8 um process parameters, simulated performance features of a total-FET transimpedance amplifier oper-
ating at 7.2 GHz, which is close to the technology f; of 12 GHz, are presented. The results are superior to those of similar

recent designs and comparable to IC designs using GaAs technology. A detailed analysis of the design architecture, includ-
ing a discussion on the effects of moving toward more FET-based designs is presented.

Keywords: Optical receiver, Transimpedance BiCMOS amplifier, 0.8um silicon technology, Low

power amplifier

1. Introduction

Amplifiers for fiber-optic receivers require very high
performance features in order to achieve the high gain,
wideband, low noise characteristics required for optical
communication systems. Some very elegant called "cur-
rent-mode™ optical transimpedance amplifiers (TIAS)
using BiCMOS process have been reported (Halkias et al.,
2000; Vansiri and Toumazou, 1995; Toumazou and Park,
1996). These TIAs are based on a common-base (CB)
architecture, employing current shunt feedback. Two main
advantages of the current-mode approach are the very
wide bandwidth and the low-input resistance of the cir-
cuit. This renders the amplifier bandwidth insensitive to
the capacitance of the pin photodiode at the input. In pin
photodiode receivers, the TIA has to achieve wide band
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width, low noise, high and accurate gain, and low power
consumption. However, these requirements conflict with
each other, requiring tradeoffs to be made to suit a partic-
ular application. A current mode CB configuration has the
potential to achieve simultaneously high bandwidth and
high feedback resistors, potentially improving the ampli-
fier gain and noise performance (Vansiri and Toumazou,
1995; Toumazou and Park, 1996; Ikeda et al. 2001).

In this paper, new design approaches of BiCMOS-CB
TIAs in a current-feedback configuration for high-speed
optical communication applications are presented. The
TIAs are design optimized for implementation with a
standard, commercially available, 0.8-um BiCMOS tech-
nology. A detailed analysis on the effect of moving toward
a more-FET based design is presented. The results are
compared to recent similar designs.
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2. Quantitative Description of Architecture

The new CB topologies are shown in Figs. 1 and 2
(design 1 and 2), respectively. The basic architecture con-
sists of a CB input stage Q; followed by a common-source
amplifier stage M,, and Q, and Q4 are buffers. Another
CB design reported in (Toumazou and Park, 1996) is also
shown in Fig. 3 for comparison.

What is special about the new designs compared to pre-
vious CB schemes is that it is a total or quasi-FET based
approach. That is, solely FETs are used to bias the ampli-
fication stages (Q; and M,). In the present designs (1 and
2), FET current mirrors are used to bias stages, where the
initial current source of 5 mA must be very stable against
external factors (temperature, biasing). Therefore,
bandgap reference-based techniques must be used to
implement that 5-mA current source. Also, the feedback
resistor is connected from the output of Q, via R; to the
input of M, and not to the emitter of Q, (ie. the amplifi-
er input), as would be the conventional case. As a result,
two straightforward advantages emerge: 1) the total power
consumption is lower for the same gain and 2) these FETs
should be sized in such a way to increase the gain while
optimizing noise performance of the amplifier. This con-
stitutes a new dimension added to optimize performance
tradeoffs inherent in such designs while maintaining
device processing yield high.
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Figure 2. BICMOS CB TIA (design 2)
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Figure 3. BICMOS common-base TIA (design 3)
(Toumazou and Park, 1996)

The input transistor is a bipolar transistor. Therefore,
the collector bias current required is less than the drain
bias current required in a common-gate configuration for
the same transconductance g,,,, hence leading to a lower-
power consumption. Alternatively, for the same supply
voltage the transconductance g, is higher in the bipolar
transistor case and hence the noise contribution is lower.
The amplifier stage is selected to be an FET (M,) because
the input current noise is less than that of a bipolar transis-
tor and because the optimum size can be selected.

Going from design 3 via 2 to 1, the circuit becomes
more and more FET-based. We will see what impact this
would have on performance features.

3. DC Analysis

The accurate prediction of the DC operating point of
such circuits is of critical importance because the various
stages are bias interdependent. Extensive DC analysis and
optimization of the new CB design circuits was per-
formed. The resistive shunt-feedback reduces the circuit
sensitivity to external factors such as biasing, process tol-
erances, and temperature. Also, the BJT at the input stage
gives a higher transconductance for the same supply volt-
age as explained above, resulting in two main advantages:
1) a higher transimpedance gain (hence low noise) and 2)
a low input impedance (almost 1/g,,,;). The main objective
to accommodate a low DC power consumption, a high
transimpedance gain, low-noise, and to insure bias insen-
sitivity within a relatively large range of supply voltages
has been successively met. The positive and negative sup-
ply voltages V. and V, (in Figs. 1 and 2) can be varied
within the range from +3.0 to 6.0 V and from -5.8 to -4.6
V, respectively, without degrading performance. The total
DC power consumption (no load) for design 1, 2, and 3 is
56.6, 51.8, and 72.3 mW, respectively. This indicates that
the new designs (1 and 2) are better optimized for low
power consumption.
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4. AC Analysis

The common-base topology adopted makes the -3 dB
bandwidth of the amplifier totally independent of the pho-
todiode input capacitance, which determines only a non-
dominant pole since the input resistance of M, is small
(Toumazou and Park, 1996).

Figure 4 shows the small signal hybrid = model of the
common-base transimpedance amplifier of Fig. 2 at high
frequency.

Here the base spreading resistances of bipolar junction
transistors were neglected. The transfer function of this
amplifier is governed by five major time constants: at the
input (tin), associated with the Miller feedback resistance
at the input of M, (tzsuvin), @ssociated with the Miller feed-
back resistance at the output of M, (tzemour) 8SSOCiated
with the base-emitter capacitance of Q, (tcpep), and at the
output (t,,). Let us assume that tRfMin is the dominant
time constant (which often has a much lower value) when
compared to the other time constants. Therefore, the -3 dB
bandwidth of the amplifier is approximately determined
by the cut-off frequency as:

1
f—3dB = (1)
2R utin

. . Rt .
where: tg i =RMinCT With Ry = Trag A, is the

voltage gain of M, and Cr =Cy1+Cgds +Cgs2 +CMin2 -

The capacitance C; is the base-to-collector capacitance
of Qy, Cys, and Cyq, are the gate-to-source and gate-to-
drain capacitances of M,, Cyy is the gate-to-drain
capacitance of My, and Cy,, is the Miller capacitance
of the gate-to-drain capacitance Cgyqy, 0f M, at its input

and given by Cyjinz = 0+ A2 )Cqa2 -

Therefore, by combining all the above equations Eq.
(1) becomes:

(1+A2)

W e ©)
2nCt R

The dominant pole of the amplifier, which determines

the -3 dB bandwidth, depends mainly on the input capac-
itance of M, with Miller effect, the input capacitance of

Q1, the drain capacitance of M,, and the feedback resistor
R;. Since M, is a much smaller device, its net input capac-

itance is small and hence R; can be made larger for the
same equivalent bandwidth, which would result in a lower
overall noise. However, smaller device means higher
resistance which would reduce the bandwidth. This would
impose a careful sizing of M, when dealing with the trade-
off between low noise and wide bandwidth. On the other
hand, M, should be made narrow in order to reduce its
noise contribution while preserving adequate bias collec-
tor current for Q,. In Fig. 1, the size of Mg, load of M,,

can be selected to optimize A,, for wide bandwidth.

A critical aspect of the design phase was the optimiza-
tion of the feedback resistor R; as well as the size of the
FET transistors in a tradeoff between gain, bandwidth,
noise, and DC power consumption.

It was shown (Abidi, 1988) that optimum noise per-
formance may be obtained in transimpedance amplifiers
employing submicron FET input stages by choosing the
width of the input device such that its gate capacitance is
one-fifth of the sum of the photodiode and stray capaci-
tance. Based on this criterion, it was concluded that for
design 1 (design 2), the optimum value of Ry =2.3 kQ (R;
= 2.1 kQ) and W, = 30 um (W, =30 um) for L = 0.8 ?m
allow the desired transimpedance gain, minimum input
noise current density, and low power consumption over
the bandwidth of DC-7.2 GHz (4.4 GHz) to be achieved.
This was obtained through successive cycles of DC and
RF simulations.

Simulated results of transimpedance gain of the new
designs (1 and 2) are shown in Fig. 5. Also shown for
comparison, the curve reported in (Toumazou and Park,
1996) (design 3). State-of-the-art 12 GHz f; silicon
BiCMOS parts of a conventional 0.8-um BiCMOS tech-
nology were used. It can be seen that going toward a more
FET-based configuration (ie. from design 3 via 2 to 1), the
transimpedance gain as well as the -3 dB bandwidth
improves. This trend is more prominent when one com-
pares design 1 (thick solid line in Fig. 5) with design 3
(fine thin solid line in Fig. 5). This can be accounted for
by the increasingly higher feedback resistor R; = 1.4kQ,
2.1kQ, and 2.3k which was achieved for design 3, 2, and
1, respectively. This would lead to a lower thermal noise
contribution from the feedback resistor. This high transim-
pedance gain is also due to using more and more active
loads from design 3 to design 1 instead of resistive loads,
since the closed-loop gain depends on R;and the open-

loop gain.
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Figure 5. Transimpedance gain versus frequency

5. Noise Analysis

The noise model, used to calculate the noise compo-
nents, combines the conventional FET rms noise theory
with the optical preamplifier (OEIC) noise theory
(Minasian, 1987; Smith and Personick, 1980). The total
input-referred equivalent noise current spectral density of
designs 1 and 2 is approximately given by:

f E1 E1
J2KT | KThey

rbe1 By

4T |1
— R%+(2M)2(Cgsz+C#1+ng4)2} (3)

eq(f)—“”+‘;”+4kTuab{R+<2nf> (Ca) }

{ +(2 Y(Cq +cbel)2}+2qlgz
RE,

Om2

+ 9ma'ber 2KThey (27 2(C
A, A, {Rm (27 )*(Cy +Cpes )2

In Eq. (3), k is the Boltzmann constant, T is the absolute
temperature, ry,, is the base spreading resistance of Q1
(0.3 Q), Cy is the capacitance of the pin photodiode (0.32
pF which is typical for a pin photodiode), ry.; = kT/qlg;
with lg; (27 uA) is the base current of Q,, Cy.; (0.8 pF) is
the base-emitter capacitance of Q; and C,, (defined
above) = 0.2 pF, B, (100) is the ac current gain of Q,, I,
is the gate leakage current of My, Cye, = 1.0 pF, ngz =
Cgda = 0.3 pF, gz = 7.0 MS, gy = 15.0 MS, q is the elec-
tron charge, T" is the excess noise factor equal to 1.7
(Abidi, 1988) to account for the short-channel effects.
The first three terms in Eq. (3) represent thermal noise
contributions by Ry, Rgq, and ry,,, respectively. The next
two terms are base and collector shot noise current of Qy,
the sixth term is noise contribution by gate leakage current
of M,, which can be neglected (Halkias et al. 2000). The
last two terms represent the channel thermal noises of M,
and M,, respectively.

Figure 6 shows simulated results of the total rms input-
referred noise current of the new designs, as calculated

using Eq. (3) over a bandwidth of 10 GHz. Also shown for
comparison, the results reported in (Toumazou and Park,
1996) (design 3).
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Figure 6. Total mean input-referred noise current
versus frequency
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State-of-the-art 12 GHz f; silicon BiCMOS parts of a
conventional 0.8 um BiCMOS technology have been
used. Two important features are clear. First, above
around 5.0 GHz the new designs offer a lower total noise
performance compared to that of (Toumazou and Park,
1996), whereas the opposite occurs otherwise. Second,
Moving toward higher frequencies, the noise current
becomes increasingly lower when we move toward a
more FET-based design (solid line). This is important
since the lower noise at higher frequencies offered by the
total-FET based design will result in a lower BER at high
data rates.

Preliminary results showed that the addition of the
inductor L = 2-15 nH (realizable monolithically as trans-
mission lines) as shown in Fig. 1 results in a significant
noise reduction. This can be explained by the reduction of
noise contribution of M, (last term in Eq. (3)) by adding
the inductor. M, noise spectral density with the inductor
becomes:

Om4 Theg 2KThey +
= +(27f )A(Cy +GCper) 2
V1+(Gma 2L B B RE1 1 )

From Eg. (4), with g, = 30 mS, and L = 15 nH, the
inductor will reduce the noise spectral density of M, by a
factor of 1/3 at 1 GHz.

Table 1 summarizes performance features of the new
CB designs (1 and 2) and those of (Toumazou and Park,
1996).

It is clear that the results obtained with the new CB
designs are superior to those reported in (Toumazou and
Park, 1996) and in (Park and Yoo, 2003). Also, these
results are better than those reported in (Haralabidis et al.,
2000) and fairly approach those obtained with GaAs
MESFET and InP-HBT (Huber et al. 2000; Yoneyama et
al. 2000; Minasian, 1987).
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Table 1. BiCMOS CB TIA design parameters

Gai BW Noise (pA/HZ’®)  Total
n (GHz) @ Power
(dB) 35 7GHz  (mW)
New 65.2 72 117 28.7 56.6
Design
1
New 62.1 44 183 29.4 51.8
Design
2
Design  59.8 42 152 355 72.3
3[3]

Figure 7 shows the transient response of the previous
CB TIA designs when driven by a 2.5 Gbps input current
pulse train. It can be clearly seen that moving toward a
more FET-based design, the output swing widens and the
response becomes faster. Although the settling time in
this case is bigger, still the response is faster and settles
within the time frame of the driving pulses period. For the
total-FET based design (thick solid line), the response
clearly reaches 200 mV output swing for a 100 pA input
current. According to that, one can expect a sufficiently
open eye diagram at 2.5 Gbps for NRZ synchronous links.
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Figure 7. Transient response of the CB BiCMOS
TIAs at 2.5 Gbps for a 100pA pulse input
current signal

Noise simulations of the new designs have also been
conducted using 0.6 um BiCMQOS process parameters.
Results showed even lower total rms noise current; more
than 1 dB lower in the frequency range above 4.0 GHz.
This may indicate the validity of the new design approach
for shorter channels also. Further investigations are in
order in this regard.

6. Conclusions

High-performance BiCMOS common-base transim-
pedance amplifiers for fiber-optic receivers have been
improved. In particular, a more FET-based approach was
found effective in potentially optimizing performance fea-
tures. Simulated results showed improved transimpedance

gain, noise characteristics, bandwidth, and power con-
sumption when compared to recent similar designs. A
transimpedance gain as high as 65.2 dB over a bandwidth
of 7.2 GHz, which is close to the technology f;of 12 GHz,
was achieved. The 3.5 GHz and 7.0 GHz total equivalent
input-referred noise current have been minimized to
achieve 17.7 and 28.7 pA/Hz05, respectively. Also the
total power consumption of the circuit was optimized to
56.6 mW. These performance features are fairly compara-
ble to those reported using GaAs MESFET.

While optimizing the design for gain, noise and power,
little attention has been given to dynamic range and out-
put swing. However, now that the new approach is
demonstrated, much study is aimed at optimizing other
performance features.
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