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ABSTRACT In this paper, a fully-differential transimpedance amplifier (TIA) providing a high gain-BW
product (GBP) is introduced. In the proposed architecture, a cascode cross-coupled structure is employed
to double the effective transconductance of the cascode devices, improving the BW of the TIA. Moreover,
a differential architecture is implemented using an RC high-pass filter along with a buffer stage requiring
smaller capacitance and resistance. Furthermore, a single-ended negative capacitance generation (NCG)
circuit is employed at the input of the TIA to partially compensate for the input parasitic capacitances. A
TIA including the proposed techniques, designed and laid out in a 16-nm FinFET process, demonstrates
57% and 79% better figure-of-merit compared to cascode and conventional TIAs designed along with the
proposed TIA for a fair comparison, respectively. Post-layout simulations in companion with statistical
analysis are employed to verify the effectiveness of the proposed architecture. From simulation results, the
optical receiver achieves a peak transimpedance gain of 58.5 dB�, a BW of 14.8 GHz, an input-referred
noise of 33.6 pA/

√
Hz, and an eye-opening of 30 mV at a data-rate of 56 Gbps PAM4 and at a bit-error-

rate (BER) of 1E-6. The whole circuit consumes 49 mW and occupies an active area of 0.0076 mm2.

INDEX TERMS Inductor-less transimpedance amplifier, cascode TIA, inverter-based TIA, PAM4,
statistical eye-diagram.

I. INTRODUCTION

RECENTLY, there has been an increasing demand for
higher data rate transmission over short and long-reach

communication channels, terabit/s switching systems, cloud
computing, and larger data volumes [1]. In this regard, the
optical interconnects such as optical fibers have become more
popular thanks to their lower high-frequency loss and lower
cross-talk noise compared to their electrical counterpart such
as copper [2]. This lower level of signal dispersion reduces
the design complexity of channel equalization in optical
communication. Ethernet systems are typically implemented
by multiplexing parallel channels, although there are still

challenges to implement 400Gbps and higher [3], [4], [5].
The intention here is to lower the number of parallel chan-
nels, which in turn results in area and power savings.
CMOS integrated circuit is considered as one of the best
technologies due to its high level of integration and a
reasonable compromise between cost, speed, and power con-
sumption [6]. Today, monolithic implementations (CMOS
silicon photonics) have attracted more attentions thanks to the
promise of co-integration of electronics with optics, ranging
from co-packaging to eventually full silicon integration.
In the optical receiver chain, the transimpedance amplifier

(TIA) is the first block and typically dictates the bandwidth,
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noise, and sensitivity of the whole receiver at high data
rates [7], [8]. TIA is driven by a photodiode which con-
tributes a large parasitic capacitance. This capacitance in
conjunction with the input parasitic capacitance of the TIA
form the dominant pole of the system. In this regard, a
TIA with a smaller input resistance is desired to achieve a
wider bandwidth [9]. Moreover, the input-referred noise of
the TIA directly affects the receiver bit-error-rate (BER) [10].
To lower the noise, larger devices should be utilized at the
cost of larger parasitics, power consumption, and area. In this
regard, the design of a low-power low-noise TIA while oper-
ating at a high speed and providing a large transimpedance
gain is in high demand.
A common approach to improve the BW of the

TIA is inductive peaking. Several inductive peak-
ing techniques are reported, including series-inductive
peaking (SIP) [3], [4], [10], shunt-inductive peaking
(SHIP) [3], [4], [10], π -type inductive peaking (PIP) [6],
and T-type inductive peaking (TIP) [7]. However, having
inductors and transformers [10] in the design increases the
silicon area, and impedes implementation in low-cost digital
processes due to the lack of thick metal layers and high
quality factor passive components [11]. Moreover, the cou-
pling to the substrate increases through the inductors which
results in higher crosstalk [11]. In the multi-channel parallel
optical receivers, multiple TIAs are placed in close proxim-
ity, demanding low substrate coupling and compact TIAs to
reduce the crosstalk [11].
In this work, we propose a new inductor-less differential-

output TIA design which provides a sufficiently large
gain-BW product without using T-coils, and transformers. In
the proposed TIA chain, the single-ended to differential block
and the core TIA are combined into one block and differen-
tial signaling is utilized at the first stage of the receiver chain.
Compared to [10], this work implements an inductorless
optical receiver front-end including a novel fully-differential
TIA (the TIA and single-ended to differential conversion
are combined into one block) in companion with a negative
capacitance generation circuit to improve the gain-BW prod-
uct. The paper is organized as follows; Section II provides
the background. Section III and IV describe the analysis
of the proposed TIA and its circuit implementation, respec-
tively. Simulation results are provided in Section V, and
finally, Section VI concludes the paper.

II. BACKGROUND
As mentioned earlier, a low input resistance TIA is desired
to push the dominant pole of the TIA to higher frequencies.
A common-gate TIA can provide a low input resistance
at the cost of larger power consumption and input-referred
noise [12], [13]. To alleviate these challenges, a regulated-
cascode (RGC) [14] TIA is introduced to lower the input
resistance by increasing the effective transconductance,
however it increases the power consumption [12], [13].
The shunt-feedback TIA with a common-source amplifier
can be an alternative thanks to providing an inductive

impedance at the input in addition to lowering the input
resistance [12], [13], however it shows a trade-off between
the transimpedance gain and power consumption. Another
implementation of the shunt-feedback TIA is inverter-based
TIA which achieves a lower noise compared to the shunt-
feedback TIA with a common-source amplifier due to the
current-reuse technique [12], [13]. This is also suitable
for low supply voltage applications. For these reasons, the
CMOS inverter-based structure is used as the core TIA in
this work.
The conventional inverter-based TIA [10] with a capac-

itive load and an electrical model of the PD is shown in
Fig. 1(a). In this figure, CT, Cg1 (and Cg2), Cgd1 (and Cgd2),
and Cd1 (and Cd2) represent the total parasitic capacitance
at the input (including the parasitics of the PD, pad, and
electro-static discharge (ESD) protector), the MOS gate par-
asitic capacitance, gate-drain parasitic capacitance, and drain
parasitic capacitance of M1 and M2, respectively. There are
some challenges associated with the design of the inverter-
based TIAs. First, Cgd1 and Cgd2 are in parallel with the
feedback resistor (RF), weakening the feedback impedance
at higher frequencies and appearing at the input as Miller
capacitors [11]. Since the gain is typically large, the equiv-
alent Miller capacitance would be large, limiting the BW.
One solution to overcome the Miller effect is to implement
a cascode structure [2], shown in Fig. 1(b), at the cost of a
degraded linearity using the same supply voltage. Second, the
transimpedance gain (which is ∼RF) is limited in order to get
the maximally flat frequency response without using peaking
techniques. Third, the single-ended structure is vulnerable to
the substrate and power supply noises [7]. Therefore, dif-
ferential signaling is required at the input stage of the TIA
to lower the impact of common-mode noise. To address the
first two challenges, we note that the transimpedance gain
must satisfy the following inequality, derived in [15], to get
a maximally flat frequency response without equalization;

RF ≤ A× fA
2πCTBWT

2
(1)

where A, fA, and BWT indicate respectively the forward
voltage gain of the amplifier, the bandwidth of the ampli-
fier, and the closed-loop TIA’s bandwidth. From (1), the
low-frequency transimpedance gain (∼RF) degrades with a
square of the TIA’s BW which in turn degrades the noise
performance of the TIA. To partially relax the RF limit, the
forward voltage gain of the amplifier (A) is increased in the
cascode TIA due to the larger output resistance. Also, CT
is reduced thanks to smaller Miller capacitance, resulting in
a wider BW. Furthermore, RF is no longer in parallel with
Cgd1 and Cgd2 and the gain from the gate of M1 (and M2) to
drain of M1 (and M2) is lower than that of the conventional
inverter-based TIA. As a result, the feedback impedance
degradation at higher frequencies would be smaller.
To address the third challenge, that is to create immu-

nity against common-mode noises, the simple method is
to create a complementary signal using a single-ended
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FIGURE 1. (a) Inverter-based TIA [10] (b) Cascode inverter-based TIA [2].

inverter [16], [17]. However, this design would be asymmet-
ric as the delay between the two paths may create a non-zero
phase shift beyond the required 180 degrees. Moreover,
this approach is sensitive to PVT variations. In [18], [19],
two photodetectors in companion with two replica TIAs are
implemented. However, the design requires a larger silicon
area and power consumption, and a more complex design of
the printed circuit board (PCB) [7]. An alternative approach
is to implement a pseudo differential architecture requiring
either a replica TIA or a passive low-pass filter [20], [21]
which increases the power consumption and silicon area. A
fully differential RGC TIA is introduced in [22], however the
noise performance is rather high because of the input current
source. Another solution is to implement a single-ended to
differential block including a pair of common-source and
common-gate amplifiers [23] next to the TIA at the cost
of a considerable power and area overhead. To overcome
the aforementioned challenges, we propose a novel fully
differential TIA discussed next.

III. PROPOSED TIA ARCHITECTURE
Fig. 2(a) shows a schematic of the proposed TIA which
includes two cascode TIAs coupled with a single capacitor
CC. The single-ended PD current creates a single-ended Vip.
To make a differential output, we need to create a comple-
mentary Vin (= −Vip). A brute-force approach would require

a gain stage of −1 between Vin and Vip. To do this, M1 can
act as a common-source amplifier and the cascode device
M3 as its load to produce a voltage gain of −1 at V1 without
power and area overhead. We then couple the signal at node
V1 to the second TIA through the coupling capacitor CC.
However, there are three concerns that need to be addressed.
1) RF2 and CC form a high-pass filter from V1 to Vin whose
cut-off frequency must be small enough to provide a differ-
ential output within a MHz frequency range. This would
require large values for RF2 and CC which occupy a large
silicon area and contribute a large parasitic capacitance to
the substrate limiting the BW of the TIA. 2) The architec-
ture is asymmetric since the top PMOS circuitry does not
contribute to making Vin. Also, RF2 loads node V1 which
causes asymmetry between node V1, V2, and V5 (drain of
M5) 3) We must maintain |Vop/Von| close to 1 in the face
of PVT variations and mismatch. We address the first two
challenges here and the last one in Section V.

The complete schematic of the proposed differential TIA
is shown in Fig. 2(b). In this figure, M1-2 (and M5-6) and
M3-4 (and M7-8), are the main transconductors and the cas-
code devices, respectively. The single-ended input current
(Ipd) from the photodetector flows into NMOS and PMOS
cascode stages (M1-2, M3-4, and RF1), resulting into a neg-
ative excursion output voltage (Von). Then, the signal at the
drain of M1 and M2 are AC coupled to the right half circuit
through a buffer stage experiencing the same load and RF2
would also no longer load node V1. This means that the
signal at nodes V1 and V5 would be also symmetric. Note
that the parasitic capacitance of CC1 (200 fF in our design)
does not have a noticeable impact on the output within the
BW due to the low resistance at node V1. This addresses the
second concern raised with respect to the simplified design.
Note that the asymmetry between node V1 and drain of M5
and M6 in the circuit of Fig. 2(a) can be also improved by
inserting dummy loads. Insertion of a buffer between the
two half circuits in Fig. 2(a) enables using a considerably
smaller coupling capacitor, CC, and RF2 which reduces the
area and eliminates a potentially large parasitic capacitance
to the substrate. As an example, by employing the proposed
technique shown in Fig. 2(b), the value of CC1 and CC2 can
be decreased from 20 pF to 200 fF (reduced by a factor of
100) to achieve the same cut-off frequency with the same
value of RF2. This addresses the first concern raised with
respect to the simplified design.
Finally, the output of the buffer (i.e., Vin), which is

designed to have the same magnitude and opposite phase
with respect to Vip, in companion with RF2 develop a positive
excursion output voltage (Vop). Furthermore, by coupling the
source of a cascode device (such as M3) to the gate of the
cascode device on the opposite side (such as M7) through
RBi (such as RB2) and CBi (such as CB2), where RBi and
CBi refer to the ith bias resistor and capacitor for i = 1 to 4,
we effectively double the transconductance of the cascode
device. As an illustration, when the voltage at the source of
M3 is equal to V1, the voltage at the source of M7 is equal
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FIGURE 2. (a) A simplified and (b) a complete circuit schematic of the proposed
differential TIA.

to –V1, which is connected to the gate of M3. This means
that the voltage across the source-gate junction of M3 is
2V1, effectively doubling its transconductance. Two supply
voltages of 1.2 V (HVDD) and 0.9 V (LVDD) are used in
the proposed design.
There are some design considerations about the proposed

design discussed next. First, there is an additional phase
delay from node V1 and V2 to Vin, however this extra
phase delay is small thanks to the small output resistance
of the source-follower architecture. Based on the simulation
results, the phase delay is less than 7.3 degrees within the
BW of interest (15 GHz). Second, node Vin shows a lower
BW compared to Vip due to experiencing larger parasitics.
However, nodes Vop and Von show the same BW since the

FIGURE 3. (a) Simplified half small-signal circuit of the proposed TIA. (b) Zeq

calculation.

BW of both signal paths are limited by the pole at the out-
put node resulted by the cascode output resistance and the
load capacitance. Third, the loading on nodes V1 and V2
are the same by the insertion of the buffer stage consider-
ing the following assumptions; M1 = M2 = M5 = M6 and
M3 = M4 = M7 = M8 and RBBi, CCi, RBi, and CBi shown
in Fig. 2(b) are equal for corresponding values of “i”.

A. DIFFERENTIAL OUTPUT REQUIREMENT
Before we analyze the proposed TIA, we derive the require-
ment for its proper differential operation. In the following
small-signal analysis, we have neglected the bulk transcon-
ductance (gmb) of MOSFETs, and have assumed that M1 and
M2 (and M3 and M4) are matched for simplicity. Moreover,
rdsi and gmi are the drain-source resistance and transconduc-
tance of the ith transistor shown in Fig. 2(b), respectively.
The low-frequency single-ended voltage gain of the left half
of the amplifier without feedback can be written as;

A = Von
Vip

= −gm1gm3rds1rds3 (2)

For a proper differential operation, a negative unity gain
is required from Vip to Vin. To facilitate this, Zeq, the
impedance seen at the drain of M1 when Vip is grounded,
must be calculated. This is shown in Fig. 3(a) and (b), from
which Zeq can be obtained as;

Zeq ≈ rds1|| rds3 + [
RF1||(2gm4rds4rds2)

]

1 + 2gm3rds3
(3)

Consequently,

Vin
Vip

= (−gm1Zeq
)
.

(gm9 + gm10)
(

RF2
1+|A| ||rds11

)

1 + (gm9 + gm10)
(

RF2
1+|A| ||rds11

) ≈ −1

(4)

To satisfy (4), one design approach is to choose gm1Zeq to
be −1 and the gain of the buffer stage as ∼1 which results
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in (5).

Vin
V1,2

=
(gm9 + gm10)

(
RF2

1+|A| ||rds11

)

1 + (gm9 + gm10)
(

RF2
1+|A| ||rds11

) ≈ 1 (5)

Therefore, the transconductance of the cascode transistors
can be found as;

gm3 ≈ gm1rds1
([
RF1||(2gm4rds4rds2)

] + rds3
)

2rds1rds3

−
[
RF1||(2gm4rds4rds2)

] + rds1 + rds3
2rds1rds3

(6)

From (6), the size and gate bias voltage of the cascode
transistors can be calculated given a desired bias current.
Using Miller’s theorem, the low-frequency input resistance
of the proposed TIA can be found as;

Rin = RF1

1 + |A| = RF1

1 + gm1gm3rds1rds3
(7)

Based on the aforementioned assumptions, the tran-
simpedance gain of each path is calculated in (8) and (9)
shown below;

Von
Ipd

= Vip
Ipd

.
Von
Vip

= Rin.A = A.RF1

1 + |A| ≈ −RF1 (8)

Vop
Ipd

≈ Vip
Ipd

.
V1

Vip
.
Vin
V1

.
Vop
Vin

≈ Rin.
(−gm1Zeq

)
.

(gm9 + gm10)
(

RF2
1+|A| ||rds11

)

1 + (gm9 + gm10)
(

RF2
1+|A| ||rds11

) .A ≈ RF1

(9)

Note that the final approximation in (9) is based on sat-
isfying the conditions given in (4). To realize (5), one may
pick a large value of RF2 which would save power and
lower the input-referred noise of the TIA without affecting
its transimpedance gain (refer to (8) and (9)). However, such
a large resistor would be bulky and have a large parasitic to
the substrate. As discussed earlier, to relax the requirement
on the large value of RF2, we insert the buffer stage between
RF2 and CC. This buffer consumes a simulated 0.9 mW to
achieve the above goal.
A concern regarding (4) is its sensitivity to the PVT vari-

ations and the mismatch between the devices. In this regard,
satisfying (5) requires the product of (gm9+gm10) and rds11 to
be much larger than 1 (considering that RF2 is large enough).
This makes (5) less sensitive to the PVT and mismatch vari-
ations. The robustness of the differential operation over PVT
variations and mismatch is verified by the simulation results
provided in Section V.
To fairly compare the BW amongst discussed TIA designs,

the input resistance and capacitance are calculated next. The
input resistance of the cascode and conventional inverter-
based TIAs (Fig. 1) with the same size counterpart devices
can be written as;

TABLE 1. Design parameters used in the analysis.

FIGURE 4. Simulated forward voltage gain comparison.

Cascode:

Rin = RF1

1 + gm1gm3rds1rds3
(10)

Conventional:

Rin = RF1

1 + gm1rds1
(11)

The total input parasitic capacitance of the three TIA designs
are written as;

CT ≈ CPD + Cgs1 + Cgs2 +
(

1 + gm1

2gm3

)(
Cgd1 + Cgd2

)

(12)

Cascode:

CT ≈ CPD + Cgs1 + Cgs2

+
(

1 + gm1

gm3

)(
Cgd1 + Cgd2

)
(13)

Conventional:

CT ≈ CPD + Cgs1 + Cgs2
+ (1 + gm1rds1)

(
Cgd1 + Cgd2

)
(14)

From (7) and (10) to (14), the proposed TIA achieves the
largest BW compared to other two designs given the same
size counterpart devices.
In the following, we have simulated the three TIA designs

using the parameters provided in Table 1. In this table, the
extracted design parameters of an inverter-based TIA (W =
9.8 μm and L = 16 nm), used in the three TIA designs,
implemented in a 16-nm FinFET process are provided. The
simulated forward voltage gain of the three designs are plot-
ted in Fig. 4 and verify that the proposed design provides
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TABLE 2. Performance comparison amongst different TIA designs.

FIGURE 5. Simulated transimpedance gain comparison.

the largest open-loop gain-BW product compared to the cas-
code and conventional TIAs. Considering (1), the proposed
TIA achieves a larger nominator and a smaller denomina-
tor. This implies that the proposed design allows for a larger
feedback resistor which in turn increases the transimpedance
gain and reduces the input-referred noise current while main-
taining a wide BW. In addition, the simulated closed-loop
transimpedance gain of the three designs are plotted and
compared in Fig. 5. As can be observed, the proposed TIA
achieves ∼10 dB larger gain with ∼8% larger BW (11 GHz
compared to 10.2 GHz) compared to the cascode and con-
ventional TIAs. For a fair comparison, a figure-of-merit
(FOM) [24] is used which considers the trade-off between
gain, BW, and power calculated in Table 2. From this Table,
the proposed design achieves 57% and 79% better FOM
compared to cascode and conventional TIAs, respectively.
In other words, given the same GBP for the three designs,
the proposed design would use 37% and 45% less power
compared to the cascode and conventional TIAs. The simu-
lated power supply rejection ratio (PSRR) of the three TIAs
are also compared in Table 2, highlighting the improvement
in PSRR for a differential TIA architecture. This means
that the supply noise and other common-mode noises at the
supply domain are 20 dB more attenuated in the proposed
design compared to other designs. The noise performance
comparison is discussed next.

B. NOISE ANALYSIS
The noise of the inverter-based TIA is mainly dominated by
the noise contribution of the transistor channel and the feed-
back resistor [10]. The noise of the feedback resistor directly
contributes to the input noise [10]. For the noise calculation,
the short-circuit output current noise must be divided by

the noise transfer function of the TIA. The equivalent input
noise current spectral density of the proposed TIA can be
written as;

I2n,in(f ) ≈ I2n,RF1 + 1 + (2π f RF1CT )2

RF1
2

×
⎡

⎢
⎣
I2n,D1 + I2n,D2

(gm1 + gm2)
2

+
I2n,D9 + I2n,D10 + I2n,D11 + I2n,RF2 + I2n,D5 +I2n,D6

((gm5+gm6)RF2)2

(gm9 + gm10)
2

⎤

⎥
⎦

≈ 4kT

RF1
+ 4kT�

2gm1RF1
2

+
(

4kT�

2gm1
+ 4kT�

2gm9
+ 4kT�gm11

4gm9
2

+ 4kT

4gm9
2RF2

)

× (2π f CT )2 (15)

where k, T, and � represent the Boltzmann’s constant,
temperature, and the excess noise coefficient, respectively.
Then, the input-referred noise current spectral density of the
cascode and conventional TIAs are calculated as;
Cascode:

I2n,in(f ) = 4kT

RF
+ 4kT�

2gm1RF2

+ 4kT�

2gm1

(
2π f CT|Cascode

)2 (16)

Conventional:

I2n,in(f ) = 4kT

RF
+ 4kT�

2gm1RF2

+ 4kT�

2gm1

(
2π f CT|Conventional

)2 (17)

By observing (15), (16), and (17) and considering the same
size counterpart devices for the three designs, we conclude
the following: First, the white noise level of the proposed
and cascode TIAs are roughly the same and slightly larger
than the conventional TIA due to the smaller gm1 (because
of the cascode architecture and smaller drain-source volt-
age given the same supply voltage). Note that the white
noise contribution of the buffer and stage, M5 (and M6),
and RF2 are negligible compared to other terms. Second,
the slope of the high-frequency noise contribution curve is
larger in the proposed TIA due to noise contribution of RF2
and the buffer stage, although the input capacitance (CT) is
smaller. Third, the white noise contribution of RF2 is negli-
gible compared to other terms due to the large gain. Fourth,
the high-frequency noise contribution of RF2 can be reduced
by increasing RF2 while keeping the transimpedance gain
(refer to (8) and (9)) intact. The simulated input-referred
noise current of the three TIAs with the same feedback resis-
tor (600 �) and transconductors (60 fingers) are compared
in Fig. 6 confirming the aforementioned statements. This
figure indicates that the input-referred noise current of the
proposed, cascode, and conventional TIAs within their noise
bandwidth are 23.8, 20.1, and 15.3 pA/

√
Hz, respectively.

C. STABILITY ANALYSIS
To analyze the stability of the proposed TIA, we use a
commonly-used criterion known as rate of closure [25]. In
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FIGURE 6. Simulated input-referred noise current comparison.

this approach, we consider the rate at which the open-
loop gain 20log|A(jω)| and the inverse of the feedback
factor (−20log|β(jω)|) curves intersect. A phase margin bet-
ter than 45 degrees is guaranteed if at the intersection of
the two curves (i.e., when |Aβ(jω)| = 1), the difference
of slopes does not fall below −20 dB/decade [25]. In the
case of a constant feedback factor, this implies that the
slope of 20log|A(jω)| at the point of intersection must be
larger than −20 dB/decade to ensure more than 45 degrees
phase margin. Considering that the drain parasitic capaci-
tance of the transistors are small, this approach simplifies
the stability test of the proposed and cascode TIAs, due
to the fact that their feedback factor is frequency inde-
pendent (β = 1/RF) in contrast to the conventional TIA
(βConv = 1+sRF(Cgd1+Cgd2)

RF
) where Cgd1 and Cgd2 in parallel

with RF1 form the feedback network. In the conventional
TIA, Cgd1, Cgd2, and RF create a pole in 20log|1/β(jω)|
which pushes the intersection point to a higher frequency
and in turn reduces phase margin, although this may be
usually negligible due to the higher frequency of this pole
compared to the first pole of 20log|A(jω)|. Fig. 7(a) shows
plots of 20log|A(jω)| and 20log|1/β(jω)| for the three TIA
designs demonstrating a ∼−20dB/dec rate of closure for
all of them. Fig. 7(b) shows the open loop phase of the
three TIA designs indicating a phase margin of 62 degrees
for the proposed and cascode TIAs and a phase margin
of 77 degrees for the conventional design with the same
feedback resistor (600 �), transconductors (60 fingers), and
power supply for all designs (the same transimpedance gain
and power consumption for all designs). The conventional
design achieves a better phase margin compared to other
two designs thanks to larger loop gain and phase. The rea-
son is that with the same power supply, conventional TIA
has a higher transconductance compared to the cascode and
proposed TIAs. Although the proposed design shows a lower
phase margin compared to the conventional design, the key
advantage of the proposed design is to allow for a larger feed-
back resistor in order to increase the gain without sacrificing
power and lower the noise while still providing a wide BW
(better FOM).

FIGURE 7. (a) ROC stability criterion comparison (b) Loop phase comparison
amongst the three TIA designs.

IV. IMPLEMENTATION OF NEGATIVE CAPACITANCE
GENERATION CIRCUIT
As mentioned earlier, TIAs typically have a dominant pole
at the input due to the large parasitics. Inductive peaking
methods can lower the amount of parasitics at the cost of
a large area and coupling to the substrate. An alternative
approach is to employ an active inductor, however, this would
increase the power consumption and the amount of induc-
tance is limited. A negative capacitance generation circuit
that neutralizes the parasitic capacitance can be an alternative
solution. Compared to the peaking techniques using induc-
tors, the negative capacitance generation technique using
active circuits has been shown to be more flexible and
cost-effective [26], [27], [28], [29], [30].
A popular implementation of the NCG circuit, which cre-

ates a negative capacitance between gates and drains of a
cross-coupled differential pair, cannot be employed in the
single-ended-input TIA. An active-based single-ended neg-
ative capacitance circuit employed at the output of the gain
stage is proposed in [26] based on a differential amplifier,
however half of the current is wasted due to the differen-
tial architecture. In addition, the input impedance is low
and cannot be implemented at the input of the TIA, which
would load the output of the photodiode and reduce the
transimpedance gain of the TIA. Other negative capaci-
tance circuits such as those reported in [27] and [29] are
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FIGURE 8. (a) Implemented NCG mechanism (b) Simplified input impedance
(c) NCG circuit schematic.

also differential. A negative impedance compensation tech-
nique is introduced in [29] to adjust the output impedance
of the TIA maximizing the GBP, however the design is
differential. A single-ended negative impedance generator
is introduced in [30] which is placed at the output of
the shunt feedback TIA to reduce the loading effect of
the feedback resistor and the amplifier output impedance
at the cost of a larger power, silicon area, and noise
level. Moreover, the design does not provide enough free-
dom for the designer to adjust the amount of negative
capacitance.
To overcome the aforementioned challenges, we have

implemented a single-ended NCG circuit shown in Fig. 8(a)
and connected it to the input of the TIA. In this case, the
NCG circuit directly compensates for the input parasitic
capacitance of the TIA at the cost of a larger input-referred
noise which will be discussed later. In this architecture, a
positive feedback is implemented by using an amplifier with
a negative gain of –Av between the drain and gate of M12.
The top current source is utilized to prevent the leakage
of PD current into ground. The bottom current source with
capacitor CS make an RC source degeneration network. The
single-ended input impedance of the proposed structure is
given as;

ZNCG(s) ≈ −1

Avgm12
+ −1

AvCss

= RNCG + 1

CNCGs
(18)

As can be seen from (18), series negative capacitance and
resistance are generated shown in Fig. 8(b). The negative
capacitance is dependent on Cs and Av while the negative
resistance is controlled by Av and gm12. From (18), Avgm12

FIGURE 9. Simulated BW versus the control voltage.

must be maximized to minimize the series resistor RNCG,
while Av and Cs must be chosen to achieve a proper negative
capacitance CNCG to neutralize the input capacitance of the
TIA (CT).

The circuit implementation of the NCG for our proposed
TIA is shown in Fig. 8(c). In this circuit, M13 and M14 are
the top and bottom current sources, and M12 is the main
amplifier. Transistor M15 and resistor RD form the feed-
back amplifier. Capacitor Cs in Fig. 8(a) is replaced with
a variable capacitor (varactor), Cvar in Fig. 8(c), to make
the design tunable which can compensate for different PD
modules with different parasitics. An analog-based tuning
mechanism is employed in this work by means of a varac-
tor controlled by an off-chip analog voltage (Vctrl) to tune
the BW considering PVT variations. Moreover, adjusting
the gain of the amplifier by changing its tail bias current
to achieve a desired negative capacitance can be an alter-
native, however the power consumption would be varied
in each state which may increase the power consumption
in some states. The circuit is designed to be connected
to the input of the TIA using direct dc coupling. Note
that using an ac-coupling capacitor would limit the BW
improvement due to the large parasitics to the substrate.
The simulated transimpedance BW of the proposed TIA
including the NCG mechanism the control voltage over PVT
variations is shown in Fig. 9. By sweeping Vctrl from 0 to
1 V, the BW can be improved by 29% (fast corner), 23%
(typical), and 19% (slow corner). A current mirror circuit
including M16, M17, and M18 is implemented to make sure
that both top and bottom current sources provide the same
current. Since the input node of the NCG circuit is high-
impedance, the dc voltage of this net will be set by the TIA
and its feedback resistor. In addition, a feedback loop is
implemented at the input to set the input node voltage to the
desired value (VDD/2) compensating the PD dc current. The
implemented NCG circuit consumes 1.8 mW from a 0.9 V
supply.
The output noise current of the NCG directly contributes

to the input-referred noise of the TIA. Thus, it is important
to consider the noise behavior of the proposed NCG circuit.
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FIGURE 10. Effect of the implemented NCG circuit on the input-referred noise of
the TIA.

The short-circuit output noise current of the proposed NCG
can be written as;

I2n,out,NCG(f ) = I2n,M13 + I2n,M14 + I2n,M12

(
rds12

rds12 + rds14

)2

+
(
I2n,M15 + I2n,RD

)(
gm12

1 + gm12rds14

)2

RD
2

(19)

Considering (19), the following conclusions can be made.
First, the noise of M13 and M14 directly contribute to the
output noise. In this regard, two large on-chip MOM capac-
itors of Cn1 and Cn2 (∼2 pF) are used at the gate of M13
and M14 to eliminate their gate noise contribution. Second,
the noise contribution of M12 is lower if rds14 increases. In
this case, larger channel length for M14 is chosen to increase
its drain-source resistance. Finally, the noise contribution of
M15 and RD is minimized by increasing gm12 and rds14. To
show the effect of the proposed NCG on the input-referred
noise of the TIA, the input-referred noise current spectral
density of the conventional TIA with and without NCG are
compared in Fig. 10. From this figure, the implemented NCG
circuit at the input of the TIA increases the input-referred
noise by ∼10 pA/

√
Hz (33.6 pA/

√
Hz – 23.8 pA/

√
Hz). This

means that the signal-to-noise ratio (SNR) of the TIA, which
is defined as the minimum PD current to the input-referred
noise current of the TIA in a logarithmic scale [31], would be
degraded by 3 dB (20log (33.6/23.8)). From (18) and (19),
there is a trade-off between the generated negative capaci-
tance and the NCG noise contribution. As discussed earlier,
the proposed TIA allows to pick a larger RF1 compared
to the conventional designs which results in a better noise
performance. We have designed the NCG circuit to improve
the BW of the TIA as much as possible while keeping the
overall noise level of the receiver reasonable to achieve the
target BER, which is chosen as 1E-6 (pre-Forward Error
Correction (FEC) BER) for 4-PAM modulation. The min-
imum pre-FEC BER for IEEE802.3bs 400GbE standard is
2.4E-4 [32], [33], [34].

V. PERFORMANCE VALIDATION OF THE PROPOSED TIA
IN AN OPTICAL RECEIVER
The block diagram and detailed circuit schematics of the
implemented optical receiver to validate the proposed TIA
design are shown in Fig. 11(a) and (b). The proposed dif-
ferential TIA is chosen as the core TIA as well as the
single-ended to differential converter in the receiver chain.
The NCG circuit is employed at the input to further improve
the BW of the receiver. The TIA is followed by a variable
gain amplifier (VGA) to prevent linearity degradation given
high-level input signals. A differential amplifier with a vari-
able current source is implemented as the VGA. The bias of
its tail current source is set by the voltage provided by the
AGC loop. The AGC loop uses a differential peak detector
implemented using two diode-conned NMOS transistors con-
nected to Voutp and Voutn. The peak of the signal is stored on
a capacitor and compared with the desired value, Vref2, pro-
vided off-chip to achieve a desired total harmonic distortion.
A sink dc current source is utilized to provide a bleeding path
for the capacitor to calibrate the AGC loop. Finally, the error
amplifier provides the required voltage for the VGA based
on the comparison. A differential amplifier with 50� loads is
employed as the output buffer for impedance matching and
measurement purposes. A feedback loop is implemented at
the input of the TIA to compensate for the PD DC bias
current. This feedback loop measures the dc output voltage
of the TIA and compares it with the desired value (LVDD/2
which is Vref1 shown in Fig. 11), which after amplification
and level shifting provides the required gate voltage for the
variable sink current biasing the PD. Finally, a DC-offset
cancellation feedback loop is implemented to cancel the dc
level mismatch between the differential outputs of Voutp and
Voutn by adjusting voltage levels at Vop1 and Von1.
Fig. 12 shows the layout of the implemented receiver

including all the blocks shown in Fig. 11. The active area
of the circuit is 85 μm × 90 μm (0.0076 mm2). The total
power consumption is 49 mW. One critical design consider-
ation here is the connection between the photodiode and the
TIA since they are not typically integrated on the same die.
We consider two options for this connection: flip-chip and
wirebond. The flip-chip is preferred in this work because it
allows the PD and TIA to be placed closer to each other,
which usually translates to a better signal integrity. For the
PD, a 56 GBaud PIN-based PD circuit model is considered
in the simulation test bench which has a BW of 35 GHz
and a responsivity of 0.7 A/W at a wavelength of 1310
nm. Other non-idealities such as the PD transit BW limita-
tion, S-parameter model of the bump and the package trace
(∼300 um) between the PD and the TIA, pad capacitance
(100 fF), and ESD protector parasitic (80 fF) are included in
the simulation test bench shown in Fig. 13. Note that in our
co-package design there is no ball grid array (BGA) in the
high speed signal path. Moreover, the parasitic inductance
of the chip supply domain and the cathode bias voltage of
the PD are included in the simulations. The cathode of the
PD is connected to an off-chip 3V supply. To reduce the PD
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FIGURE 11. (a) Block diagram (b) Detailed circuit schematics of the implemented front-end receiver.

noise, the cathode of the PD is filtered using an on-chip RC
low-pass filter.
The following simulation results (Fig. 14 to Fig. 19) are

the post-layout (extracted netlist) of Fig. 12 having all of
the blocks connected together. Fig. 14 shows the receiver
frequency response and output return loss indicating a max-
imum gain of 58.5 dB� with a BW of 14.8 GHz and S22
of better than −10 dB up to 20 GHz. The simulated out-
put noise voltage spectral density is shown in Fig. 15. From
Fig. 15, the input-referred noise current of the receiver is
calculated as 33.6 pA/

√
Hz over a noise BW of 30 GHz.

Furthermore, the integrated noise at the output of the receiver
is calculated as 5.1 mV rms.
The simulated amplitude and phase mismatch of the differ-

ential output of the implemented receiver shown in Fig. 12
over PVT variations is shown in Fig. 16. As can be seen, the
amplitude and phase mismatch are better than 0.4 dB and
4 degrees up to 20 GHz. It is worth-noting that the output
transmission lines (TL) are implemented using two single co-
planar waveguides (CPW). They are matched by optimizing

FIGURE 12. Layout of the implemented optical receiver front-end.

the signal metal layer, the width of the trace, and the space
between the signal trace and the ground plane. Fig. 17(a) and
(b) show the TIA differential output amplitude mismatch in
the linear scale (|Vop/Von|) and that of the optical receiver
front-end (|Voutp/Voutn|) over the possible variations of the
threshold voltage and W/L ratio of cascode devices. This fig-
ure indicates a variation of less than 5% and 0.1% from the
target value in the TIA and receiver outputs, respectively. To
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TABLE 3. Performance summary of state-of-the-art inductorless TIAs.

FIGURE 13. Simulation test bench used in this work.

FIGURE 14. Simulated frequency response and output return loss of the
implemented receiver.

consider mismatch between the devices, Monte-Carlo simu-
lations with 200 iterations have been performed. Fig. 18(a)
and (b) show the histogram of the TIA and receiver differen-
tial output amplitude mismatch, respectively. The simulated
sensitivity of the TIA is better than –6 dBm (considering
responsivity of 0.8 A/W) at a BER of 1E-6. The input PAM4
peak-to-peak current is 300 μA. The simulated eye-diagram
of a 56 Gbps PAM4 PRBS15 signal at the outputs of the
receiver from transient simulation using Cadence is shown
in Fig. 19(a). An eye-opening of 45 mV and a width of
0.2 UI at a BER of 1E-3 is achieved. The output differ-
ential swing voltage is 180 mV. We have also performed
statistical eye analysis using the pulse response obtained

FIGURE 15. Simulated output noise voltage spectrum of the implemented receiver.

FIGURE 16. Simulated amplitude and phase mismatch of the implemented receiver
versus frequency over PVT variations.

from Cadence with a 0.1 UI jitter and a noise standard devi-
ation of 5.1 mV. The contours generated by the statistical
eye analysis for 56 Gbps PAM4 at different BERs are shown
in Fig. 19(b). Vertical eye-openings of 30 mV and 40 mV
with widths of 0.14 UI and 0.2 UI at BERs of 1E-6 and
1E-3 are achieved, respectively, and consistent with transient
simulation results. Also, a robust performance is observed
at various data rates and PD current conditions. Fig. 19(c)
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FIGURE 17. Simulated |Vop/Von| and |Voutp/Voutn| over the variations of the
(a) threshold voltage (b) W/L ratio of cascode devices.

shows a 64 Gbps PAM4 statistical eye-diagram when a 3-
tap feedforward equalization (FFE) is included. A vertical
eye-opening of 20 mV with a width of 0.1 UI at a BER
of 1E-6 is achieved. Finally, Table 3 compares performance
of the proposed TIA with the state-of-the-art inductorless
TIAs [35], [36], [37], [38]. Reference [10] employs induc-
tors and transformers to improve the GBP without sacrificing
the power consumption. Inductor-based TIAs can achieve a
higher data rate with a lower power consumption compared
to the inductorless TIAs at the cost of a larger silicon area
(∼3 times) and a larger coupling to the substrate (which
results in a larger cross-talk).

VI. CONCLUSION
In this paper, a differential inductorless TIA is proposed
in which a cascode cross-coupled structure is utilized to
improve the BW. A buffer stage in companion with an RC
high-pass filter is employed to make a differential output.
Moreover, a single-ended negative capacitance generation
circuit is utilized at the input of the TIA to further enhance
the BW. An optical receiver front-end that employs the
proposed TIA is simulated in a 16-nm FinFET process.
Based on the post-layout simulations and statistical analysis,
the proposed receiver achieves a peak transimpedance gain
of 58.5 dB� with a bandwidth of 14.8 GHz which supports
up to 56 Gbps PAM4 at a BER of 1E-6 without the need

FIGURE 18. Histogram of the (a) TIA (b) receiver differential output amplitude
mismatch.

FIGURE 19. (a) 56 Gbps transient eye-diagram (b) 56 Gbps stat-eye (c) 64 Gbps
stat-eye with a 3-tap FFE.

for additional equalization. Higher data rates and/or lower
BERs can be achieved by adding equalization.
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