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Fig. 3. Pulse responses of a first-order front end for different RA values,
normalized to I0/(CL fbit) (3). (a) Without DFE. (b) With DFE.

employs a feedback amplifier (−A) to boost the apparent
transconductance of an input common-gate transistor, M1.
As a result, the RGC small-signal input resistance is so small
that the circuit’s dominant time constant is at the output node,
which is isolated from the relatively large photodetector, pad,
and ESD capacitances. This permits the use of a larger resis-
tor, RA, and hence larger gain compared with a simple passive
resistor load designed for the same bandwidth. In either
case, the front-end response Z(s) is the first-order low pass.
Section II-A analyzes the first-order receiver front end, with a
focus on RGC inputs, neglecting noise to highlight the benefits
of limiting front-end bandwidth far below the input bit rate.
In Section II-B, noise is included in the analysis. Another
method to realize transimpedance gain with higher bandwidth
is to connect the resistor in feedback around an amplifier.
Such TIAs often have the second-order responses, which are
analyzed in Section II-C.

A. First-Order Noiseless Model

A simplified small-signal model for an optical front end
utilizing an RGC input is shown in Fig. 2(b). The transim-
pedance from IPD to VA has a first-order response, Z1(s) with
a bandwidth fA = (1/2π RACL)

Z1(s) = RA

1 + s/(2π fA)
. (1)

Fig. 3(a) shows the front-end’s response to a input current
pulse for different values of RA assuming CL is fixed

VA(t) =
{

RA I0(1 − e−2π f At ) 0 ≤ t ≤ 1/ fbit

RA I0(1 − e−2π f A/ fbit)e−2π f At 1/ fbit ≤ t .

(2)

The plots are normalized with respect to the pulse ampli-
tude I0 and duration (1/ fbit), and baud-spaced samples are
indicated forming a discrete-time sequence

VA,i = RA I0(1 − e−2π f A/ fbit)e−2π i fA/ fbit , i ≥ 0. (3)

With VA,0 be the main cursor and VA,i (i > 0) the
postcursor ISI. It can be seen that a small value of RA maxi-
mizes bandwidth and hence minimizes postcursor ISI (VA,i>0),
however, results in a small main sample (VA,0). On the other
hand, a large value of RA makes the main sample larger, but
also increases postcursor ISI. If not canceled, a worst case data
pattern causes all postcursor ISI to add constructively reducing

vertical eye opening at VA to

SA = VA,0 −
∑
i �=0

|VA,i |. (4)

Substituting (3) into (4), we arrive at the eye opening for the
first-order front end without DFE

SA,1st-order = RA I0(1 − 2e−2π f A/ fbit). (5)

Note that with ( fA/ fbit) < 0.11, (5) results in SA,1st-order < 0,
indicating that ISI overwhelms the main sample and the eye
diagram at VA is closed. Moreover, differentiating (5) with
respect to ( fA/ fbit) = (1/2π RACL fbit) and equating the
result with 0 results in ( fA/ fbit) = 0.267, which is the
front-end bandwidth providing the best possible eye opening
without equalization (neglecting noise). However, improved
eye opening can be achieved by removing postcursor ISI with
an equalizer. Whereas feedforward linear equalizers amplify
noise to do so [8], [9], a DFE can, in principle, cancel
postcursor ISI noiselessly and is, therefore, presumed here.
Fig. 3(b) shows the normalized pulse responses of the front
end prior to the DFE, VA in Fig. 1(b), the feedback signal for
the cancelation of the postcursor ISI, VFB, and the resulting
sampled pulse response VFF,i . An ideal infinite-length DFE is
assumed wherein all postcursor ISI (VA,i , i > 0) is precisely
canceled. Hence, the worst case eye opening at VFF after DFE
cancelation includes only the precursor terms

SFF = VA,0 −
∑
i<0

|VA,i |. (6)

Since a first-order front end introduces no precursor ISI it
results in an eye opening at VFF of

SFF,1st-order = VA,0 = RA I0(1 − e−2π f A/ fbit). (7)

The maximum value of (7), SFF,1st-order = (I0/CL fbit),
is achieved as RA → ∞ and fA → 0, corresponding
to an integrating front end. However, diminishing improve-
ment in SFF,1st-order is observed for the values of fA below
about 0.2 fbit owing to the decaying exponential in (7) [13].
This will lead us to prefer a value fA > 0 once noise is
properly considered in Section II-B.

Fig. 4 shows the eye opening with DFE SFF = VA,0
from (7), the sum of all ISI terms |VA,i | (i �= 0), and the eye
opening without the DFE, SA,1st-order from (5), as amplifier
gain RA, and, hence, bandwidth fA are swept. It shows that
when postcursor ISI is fully removed by a DFE and noise
is neglected, very low front-end bandwidths can offer up
to 2.7× more eye opening, or 4.3 dB better optical sensitivity,
than is possible without equalization.

B. First-Order Noisy Model

Next noise is introduced into the analysis, revealing the
optimal bandwidth for a first-order receiver front end followed
by a DFE. The input-referred power spectral density I 2

n ( f ) is
filtered by the first-order Z1(s) resulting in rms noise at the
output

Vn,A =
√∫ ∞

0
|Z( f )|2 I 2

n ( f )d f . (8)
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Fig. 12. (a) Noise introduced by supply/ground noise modulates the input current. (b) Decoupling the photodiode on-chip prevents the supply noise from
inducing input current. (c) Simulated frequency response from the chip ground net to the differential output in both cases.

additional noise and power consumption. Furthermore, it is
unlikely a full-rate retimer with DFE feedback all the way to
the input could have been accommodated in 65 nm CMOS
at 20 Gb/s, as was done at 9 Gb/s in [13].

The PGA that follows the RGC comprises a single-stage
resistively loaded nMOS differential pair, with digitally pro-
grammable degeneration resistance. The simulated gain is
programmable over the range approximately 1–8 dB while
maintaining over 18 GHz bandwidth, so that the front-end
response remains dominantly first order. Fig. 11(a) shows the
frequency response of the receiver upto the output of the PGA.
The receiver front end consumes 4.5 mW, including RGC,
PGA, and offset cancelation circuitry.

It is worth noting that there are other high-frequency poles
due to the TIA feedback loop, PGA output pole, and PD’s
intrinsic bandwidth. Fig. 11(b) shows the pulse response in
the presence of these high-frequency poles. The postcursor ISI
is still determined primarily by the low-frequency pole at the
output of the TIA and, therefore, well approximated by the
first-order IIR feedback. However, the high-frequency poles
cause a precursor ISI (VA,−1), which cannot be eliminated
by a DFE. Thus, the additional poles need to be kept at a
frequency above fbit to minimize the precursor ISI penalty.

The signal amplitude at the input of the receiver can be
as low as 5 mV, and is single ended, making it particularly
sensitive to supply noise. If the photodiode is connected, as
shown in Fig. 12(a), its bias voltage is not decoupled to
the same ac ground as the input stage. Hence, ac voltages
appear across the finite source impedance, ZS , inducing an

input-referred noise current In,sup. Biasing capacitance for
twin p-i-n photodiodes was suggested to reduce the impact of
packaging inductance in [14]. The presented receiver uses a
similar technique to increase ground noise rejection. Fig. 12(b)
shows the biasing method used in this prototype, whereby
the photodiode bias voltage is also decoupled on-die to the
same ac ground as the input stage. With this scheme, both
photodiode terminals are modulated by the same supply noise
as the input stage, and no noise current arises. Fig. 12(c)
compares the frequency response from the chip ground net
to the output of the TIA in both cases. This is crucial, since,
for instance, at 20 Gb/s, the clock buffers and the half-rate
comparators cause a 10 GHz tone on the ground. Without
the on-die decoupling, even 1 mV amplitude of this 10 GHz
noise alone causes 10 mV noise at the output of the TIA.
On-die decoupling reduces this noise at the output of the TIA
to 0.1 mV.

To roughly compare the given front end and one with wider
bandwidth and no DFE (for a given latch sensitivity), the TIA
bandwidth is increased to fA ≈ 0.35 fbit by reducing RA.
This requires the PGA gain to increase from 2.5 to 5 (Fig. 4)
while maintaining ≈20 GHz of bandwidth, which can be done
by adding differential-pair gain stages. Based on simulations
in 65 nm CMOS technology, this results in an additional 5 mW
in power and 2.2 dB sensitivity reduction.

B. IIR-DFE

All previously reported IIR-DFEs require the full-rate data
pattern to be reproduced at receiver internal nodes, and
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ID1a − ID1b immediately after the clock signal (CLK) transi-
tions to high. In this instant, transistors M1a,b are in triode
and M2a,b are in saturation. The drain current of M1 is,
therefore, given by ID1 = μnCox(W/L)1(vGS1 − Vt )vDS1.
The gate–source voltage may be expanded into vGS1 = VGS1+
VA/2 − VF/2 where VGS1 is its common-mode value when
VA = VF = 0. Similarly, vDS1 = VDS1 − VF/2 (assuming
rds1 	 1/gm2). Substituting these provides the following
expression for the differential current:
ID,diff ≈ μnCox

(
W

L

)
1
(VDS1VA − (VGS1 − Vt + VDS1)VF )).

(18)

The term VGS1 depends upon the common-mode voltage
applied to the latch input at VA, whereas VDS1 is determined
by the saturation current of M2 passing through triode resis-
tance M1

VDS1 = (W/L)2(VGS2 − Vt )
2

2(W/L)1(VGS1 − Vt )
. (19)

Substituting (19) into (18) results in

ID,diff ≈ μnCox

(
W

L

)
1
(VA − AF VF )VDS1 (20)

where AF = VA
VF

= 1 + 2(W/L)1(VGS1−Vt )
2

(W/L)2(VDD−Vt )2)
.
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