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Abstract: In this paper, a transimpedance amplifier (TIA) is introduced to obtain low
power consumption with moderately high gain. The proposed TIA consists of two parts: in
the first stage, a regulated cascade transimpedance amplifier (RGC TIA) input stage with
active inductor local feedback is utilized for current gain enhancement, while a second
stage is designed for TIA gain. The proposed TIA circuit is implemented in a 45 nm CMOS
process technology. Simulation results show that the proposed TIA achieves a power
consumption of 0.975 mW, while the TIA gain is increased up to 62.2 dBQ at 1 GHz of
f_34p bandwidth. The conventional trade-off between gain and power consumption is
relaxed, which represents the key finding of this work, while maintaining an input-referred
noise current spectral density of 28pA/VHz. The reported low power consumption was

achieved at a 1V budget DC supply.
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1. Introduction

Fiber-optic communications have attracted
demand in the field of high-speed data
transmission due to their high bandwidth
features with low power consumption. An RGC
TIA input topology employs a positive amplifier
with an inductor that controls the circuit input
impedance and isolates large input parasitic
capacitance [1]. A modified RGC TIA followed
by a closed-loop post amplifier was proposed for
10 Gb/s applications to reduce power
consumption  while extending bandwidth
considerably [2]. A G,,/I, methodology was
proposed for the design of an RGC TIA, where
the sizing of transistors was defined using this
particular  methodology [3]. An RGC
modification in TIA followed by closed-loop
gain stage with an added voltage level shift to
the RGC booster, was considered [4]. A
modified MOS-based impedance converter
combined with an RGC TIA was proposed to
achieve low power consumption and high
bandwidth [5]. An RGC structure was cascaded
with a shunt-feedback TIA, in which an inductor

was added between the two topologies, forming
a m-type matching network [6]. A shunt
feedback TIA that employs a three-stage nested
Miller compensated (NMC)-based design was
demonstrated [7]. A double-cascade TIA with
negative shunt-shunt feedback and inductive
peaking technique was utilized [8]. A bandwidth
enhancement technique (based upon m peaking
network) for a resistive shunt-feedback TIA was
employed [9]. A negative Miller capacitance
approach was proposed for extending the
bandwidth of shunt feedback TIA [10]. An early
implementation of a shunt-shunt feedback TIA
using 0.18 um CMOS technology was reported
[11]. Combined concepts of input-stage
feedforward followed by a current mirror stage
with local active-inductor feedback were
reported using 45 nm CMOS technology [12].

This work aims to achieve low power
consumption and high TIA gain, while
maintaining a relatively low input-referred noise
current spectral density.
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1.1 RGC TIA Input Stage

The low-input resistance of common-gate
(CG) topologies is always attractive for
optimizing the design of TIAs. It is shown in
Fig. la that in the CG structure, the input
resistance can be illustrated as given [2]:
— _Rs
B 1+Rsgm1

(1)

Indicating that g, it is the transconductance
parameter of the transistor M; as in Eq. (1), the
width of M has a crucial impact on lowering the
input resistance of a CG stage. In addition, in the
RGC topology manifested in Fig. 1b, the
transconductance of M; can be increased by a
factor of (1 + g,,Rg) for which transistor M,
works as a booster amplifier stage. The input

Rin
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2 _| M,
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resistance of the RGC structure can be written as
in the following expression, where channel
length modulation is neglected for the sake of
argument:

— Rs

B 1+Rsgm1(1+8m2Rp)

2)

The input resistance can be lowered if the
booster amplifier gain g,,,Rp is raised. When a
cascode transistor is added, a further isolation of
the input capacitance is possible in order to
achieve a high-speed TIA. Since the RGCs
cannot provide sufficient gain at low supply
voltage, a gain stage can be added, which may
consume low power [13].

R Rp
Vout
M

in

(b)

FIG. 1. (a) CG TIA topology (b) Conventional RGC TIA topology.

2. Proposed TIA Topology

In Fig. 2, an input stage with active inductor
feedback is introduced. It consists of a CG
structure within the transistor M; configuration
that initiates a voltage gain from node inl to
node O1. This voltage gain is combined with the
gain from node Y to node 01 through a CS dual
role of transistor M;. The current gain path of
transistor M; is stabilized by the triode-
configured transistor M3. The CS configuration
of transistor M, raises the DC voltage level from
node X to node Y in order to accommodate
enough voltage headroom for transistor M;. The
active inductor feedback is constructed with
PMOS transistors M, and M,; with identical
aspect ratio (W/L). The output node O1lis an
input for the second stage at the gate of transistor
M; in CS configuration. Effectively, the gate
resistance Rgs of transistor Ms (being extremely
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high) is in parallel with the low drain resistance
Ty, of transistor M. This transistor is in an active
feedback loop involving the source follower
transistor My. The equivalent resistance 75, ||1ys
(= 15, where 7y5 is too high) enables fractional
feedback from the node 02 (ie, gate of
transistor My) via transistor M. Transistor My
works as a level-shift component in which any
rise in the output voltage at node 02 tends to
increase the gate-to-source voltage of M4, hence
raising its drain current and eventually its output
voltage. Notably, the equivalent resistance
(= 152)  contributes  to  satisfying  the
condition Vggs > Vrys  for  transistor  Ms,
boosting its transconductance parameter g,,s to
a higher level, enhancing the voltage gain at the
node 02 via boosted CG structure of transistor
Mg.



A Low-power 45 nm CMOS Transimpedance Amplifier with Active Inductor Feedback for Fiber Optic Applications

D_f.\fYY\_g — — — 1V
Active Inductor ﬁtMg ftMg f KMIO ': M
Admittance: ‘:ﬁ L L - f . a
A -~ = - -
4 \“ (0] =
| :;‘M vV oL o :'I\'/I4 02 0z,
4 13 i | Mip———y N CLl
— b -
< H 1,2I L, M Vs L
S o _r M7 '—‘X ’
- 2 M7
I. = 1%
L linl jz
B 151 A =M.
Cpp =+ Tf2 ah
Ipp PD Vle_'il\/h d
= = = [inz Voar{5M,,

FIG. 2. Proposed TIA topology.

In brief, the signal path in Fig. 2 is split at the
input node inl. The CG role of transistor M,
receives part of the signal, while the other part is
within the role of CS transistor M, which draws
no current at its gate; however, its Vg5, enables
the drain current path to conduct. The joint
voltage gain of transistor M, and M, is identified
at node Y, then it is finally amplified at the
output node O1 for the input stage to form a
current gain primary stage. In the subsequent
stage, node A is essentially jointed with a node
01. The drain current conduction of transistor
M5 depends on the signal path in the form of a
voltage drop at the node A. A significant voltage
gain is formed at the node 02 which is fed back
through a common drain role of transistor My
with a fractional signal path ending up at the

source of feedback transistor M, with CG role at
node B, hence amplifying the signal with a
voltage drop at the node A, thereby continuing
the amplification process.

2.1 Input Stage

The small signal model of the input stage is
envisaged in Fig. 3. The transfer of impedance
from node inl to node X can initiate driving
capability for transistor M,. However, the
voltage drops on the node inl controls the
voltage difference with the output node 01 via
the component for low admittance Yr; (active
inductor feedback). Actual conduction of
transistor M, is enabled by the voltage difference
between a node inl and node Y.
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FIG. 3. Small signal equivalent circuit model of the input stage using T-model transistor.

Based on the above small signal model, the
following Kirchhoff Current Law (KCL)
equations are summed as follows:

ling = Vinl(gml + 9mp1 t Gas1 + Gasz +
SCin1 tor) — Vy(gm1 + SCgsl) -
V01(9d51 +5C4s1 + Y}) 3)
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0="y(g +5(Coin +C —VosCor — Whereas the DC input resistance (R;,q1) is
, X (Cdsm ( d1o 92)) Y=tgaz 4 deduced as 1/P, therefore the f_345 bandwidth
in1SCgs2 @ is worked out as:
0=V (gds9 + gasz + 5(Caz + Cg1 + Cd9)) - fogs = —— (14)
2T Ceql
Vx (gmz - Sngz) (%)

0="Vo (gdss + gas1 + Y +5(Cqq + Cds)) -
Vy (gml - Sngl) = Vim1 (gml + 9mp1 +
Gas1 + sCas1) (6)
Strictly, a transfer of impedance from node

inl to node X with near unity voltage gain as
given:

Vx sCgs2
AZ = =
Vin1  9dsio +5(Cd10+cg2)

(7

The voltage gain from the node X to node Y
raises the DC voltage level at the node Y and is
represented as:

Vy Im2
Ay =X = 8
3 Vx gds9+gd52+5(cd2+cg1+cd5) (8)

The input stage voltage gain is extended by a
factor of (1 +|A,A3]) with low feedback
admittance Y, and is worked out as:

_ Im1(1+|4;45]) _
A= Jdsstgds1+Y F1+5(Ca1+Cqag) - Al(l +

|4243]) €))

The voltage gain of transistor M; is
characterized as A,, whereas the active inductor
feedback impedance Z¢, it is an inversion of the
feedback admittance Yr; as follows, based on the
general equation [14]:

Tds13Cgs125+1
Zpg = ———— 10
1 Imi2+Cgs12S (10)
The input impedance for the input stage
heavily depends upon the extended factor of

Im1 (1 + |A,A3]), given as follows:
1

Zin1 = P+sCoqn (11)
As

P = g1 (1 414,450 + gass = A(gass + Y1) (12)

Ceq1 = (Cinl,tot + A2A3Cg51) (13)
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The finite output impedance of the input stage
is configured so that it delivers optimal current
gain that contributes to the better driving
capability of the subsequent stage. It is worth
noting that the parasitic time constant of the
output node 01 is governed by N as follows
where 1y5 > 75,:

raso(ry2 I gs)
Zoy == (15)

M = (172 || 7g5) [Yr17ass + 1] + 7ase

N = (Cay + Cag + Cy4s) (172 || 745)7ass

The input stage TIA gain is defined in terms
of input impedance and voltage gain as follows:

Zria1 = Zip A (16)

Whereas the current gain formula is worked
out as follows:

lo1 ZT1A1

lo1 _ ZTiA1 1
Iin1 Z01 (7)
2.2 Second Stage

The small signal model of the subsequent
stage is represented in Fig. 4. The voltage drop
between nodes A and B generates a fractional
feedback drain current through a resistor 75,. The
level-shifting source follower M, is virtually
grounded, and the current signal gp4Vyss flows
into node B. The voltage across the parasitic
capacitance Cgs4C, connected between nodes B
and O2, is equivalent to Vgs4.

Based on the above small-signal model, the
KCL equations governing the nodal currents are
expressed as follows:

iz + VasCyes + LAYEL — o (18)

sz

L ImsVa + Vop —Vp)sCyss = 0 (19)

Tds11
—ImaVoz — V) — (Vop — Vp)sCyss —
(VA_VB) — 0 (20)

sz
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FIG. 4. Small-signal equivalent circuit of the proposed subsequent stage.

The TIA gain Zp;u, of the proposed
subsequent stage is therefore given as:

Voo s?a+sb+c
T = wiArs?BisiciD 1)
ling  S*A+s3B+s2C+D

Zrip2 =
where,
a = 175 (CysaTas11Cyss + CysaCyssTyz)

b= (Cgs4rd511 + 772 (GmaCyssTra + Cysa +

Cyss))

€ = —9ms59maTy2
2 2 2

A= (Cgs4) rdsll(Cgss) (rfz)
B = Cgs4rd511Cg55rf2(Cgssrfzgm4 + Cgs4)
C =

Cgs4(rdsllgm4 —9ms — 1) -

CgsS (gm59m4 —Y9maly2 — 1)
D= _gm4(gm5 + sz)

As a result, the overall TIA gain is introduced
as:

I v
Zria = 1,01 X I,ﬂ (22)
inl in2
Given that Ipq = I;;,», the overall TIA gain is
expressed in terms of Egs. (17) and (21).

3. Noise Analysis

Within CMOS transistors, operating in the
frequencies of interest to this research, there is a
potential fluctuation in a random pattern inside
the channel which causes a form of channel
noise. Through gate-oxide capacitance, the

channel noise is permitted to the gate terminal,
resulting in gate noise being induced [15]. The
Van der Zeil model suggests the following
formulas regarding the mean square drain
current noise and the mean square induced gate-
noise contribution, respectively [16].

2 = 4kTag,, (23)
Iz = 4kT8 g, (24)

AS =Y gao/9gm, where y and § denote the
channel thermal noise coefficient and gate noise
coefficients, respectively. The shunt conductance

gg 1s expressed as (ngs)z/Sng [17]. The term
Jao denotes the zero-bias drain conductance. In
a CG configuration, the transistor source
terminal acts as the signal node. Therefore,
channel noise is injected through the gate and
drain terminals, which are fully correlated. The
mean-square spectral density of the channel
thermal noise voltage contributed by the drains
of transistors M; and M, can be expressed as:

Vr%o,dl = 4kTagm1(Zria1 — Zo1)* (25)

Vr%o,dz = 4kTagm:(ZyAyo1)? (26)

where Ayoq denotes the voltage gain from
node Y to node O1, while Zy represents the net
nodal impedance at node Y.

Ayor =
Ap1(gass+9as1+5(Ca1+Cag))—Gmi—Imb1—Ids1 7)
Imi1lv1

Zy = Tds9Tds2 (28)

Tds2+7dso+5Cgs1TdsoTds2
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The mean-square spectral densities of the
induced gate noise voltages generated by
transistors M; and M, are given by:

Tz (@Cgs1)’
Vr%o.gl = 4kT5#;011 (Zr1a1 — ZyAy01)?* (29)
72— = s @) (g 4 2 (30)
no,g2 59do2 X4X01
where g dOx is the =zero-bias drain

conductance of transistor M. The voltage gain
from node X to node O1 is expressed as Axo1,
while Zy is the nodal impedance at node X.

A _ A242(9m1=5Cga1)+Im1+Imp1+9ds1 31)
x01 =

ot AZ(gdss+gd$1+yf1+5(cd1+cd8))

ZX Tds10 (32)

1+STds10 (Cgsz +Cin1,tot)

The summation of the mean-square of the
drain and gate induced noise voltages for M; and
M, can be calculated as:

= |2

no,dx

Vr%o,Mx Vr%o,dx' Vnzo,gx
(33)

The noise contribution of the current source

+ Vi g2 + 2l

—_ 2
V2, vz = 4kT A (34)

To3
where 1,3 is the equivalent drain to source
resistance of Mj;. The noise contribution of
equivalent load resistance is shown as:

7z 2
VE, = 4kT (22 4+ 2 4, ) (35)

Z
To1 To

The output of the TIA carries the total noise,
summed as:

Vnzo = Vr%o,Ml + Vr%m,MZ + Vr%o,MB + Vnzo,r (36)

Therefore, the total input-referred noise
current spectral density is expressed as:

72— Yo
I = 2z, (37)
4. Results

The simulated TIA gain shown in Fig. 5
corresponds to 62.2 dBQ at f_s3,5 bandwidth of
1 GHz. The low-pass frequency response
indicates a pole-zero beyond its bandwidth. The
high TIA gain is essential for achieving lower
input-referred noise current and reduced power

M is: consumption, as discussed later.
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FIG. 5. TIA gain versus signal frequency.

The frequency-dependent input impedance is
reported to be 235 Q at 1 GHz, as shown in Fig.
6. A noticeable peak in the input-impedance
nonlinearity occurs at 230 Q corresponding to a
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reduced transimpedance amplifier (TIA) gain. It
is therefore reasonable to assume that, at
midband gain, the input impedance exhibits a
near-exponential relationship.
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FIG. 6. Input impedance versus signal frequency.

The power consumption of each transistor is
given in Fig. 7. The highest power consumption
is observed in transistors M; and M;, which
have connected drains, whereas the lowest power

3.00E-04

2.50E-04

2.00E-04

1.50E-04

1.00E-04

Power consumption(watt)

5.00E-05

0.00E+00
0 2 = 6

consumption is reported for transistors M;, Ms,
and M 4. The average power consumption of the
proposed topology is 0.975 mW.

8 10 12 14 16

Transistor number
FIG. 7. Power consumption as per each transistor number.

The input-referred noise current spectral
density is simulated as in Fig. 8. It can be seen
that the input-referred noise decreases as the
signal frequency increases. However, this
reduction is up to a certain limit after which it

starts to rise as the frequency exceeds 10 GHz.
The reported input-referred noise current spectral
density at the bandwidth point (1 GHz) is around

28 pA/\[H,.
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FIG. 8. Input-referred noise current (spectral density) versus signal frequency.
The eye diagram of the proposed 45 nm TIA  timing errors. The measured jitter is

design is presented in Fig. 9 for a 1 Gbps bit
sequence. The trigger clock is initiated at logic
level 0 (low), corresponding to 0.34 V, while
logic level 1 (high) corresponds to 0.99 V with a
rise time of 150 ps.

The slope corresponding to a voltage swing
change of 0.91 V over a time interval of 639 ps
is sufficiently small, indicating sensitivity to

1.0

Density

approximately 15 ps and is defined as the
variation in the zero-crossing time. Furthermore,
the optimum sampling time is approximately 981
ps, corresponding to the decision point at which
the eye opening is maximized, thereby providing
the best signal-to-noise ratio (SNR). The SNR at
the sampling point is approximately 0.32V.

The reported eye diagram was obtained under
the assumption that the signal is stationary, in
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time, nsec
FIG. 9. Eye diagram with bit sequencing at 1 Gb/s.

which its variance and mean value are time-
independent. The sampling rate was clearly high
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enough to include signal transitions accurately.
A 2 ns interval is considered a sufficiently long
observation period to have a well-behaved
signal. Other assumptions suggest that the
measure of jitter and S/N ratio may not
necessarily comply accurately with practical
measurement. Looking at signal characteristics,
there are no apparent signal integrity problems to
be considered as a form of limitation. Signal
impairments are not masked since eye opening is
achieved with remarkable trigger accuracy. The
measure of jitter (15 ps) carries no random
components; hence, no real constraints are
imposed, leading to adjustable jitter. The
limitation imposed by Inter Symbol Interference
(ISI) that emanates from eye closure does not
constitute a significant portion. However, the eye
diagram of Fig. 9 does not address signal
impairments that are generated due to impedance
mismatch between the trigger source and the
TIA input impedances. The axis of density
represents the frequency of occurrence within
the specified voltage levels (already stated in
results) at a given time of Fig. 9 per unit interval.

5. Comparative Performance Analysis

Compared to this work, as in Table 1, the TIA
gain limitation in terms of trade-offs with other
parameters is illustrated with 7.6 dBQ [18].
Other limitations were manifested by high power
consumption of 37 mW [19], while literature
reported the bandwidth of 100 MHz [20]. This
work shows that although the input-referred

noise current spectral density is 28 pA/\/FZ
which appears to be higher than other literature,
however, it is still relatively low compared to
application-specific =~ demands and  most
importantly, with a high TIA gain of 62.2 dB and
low power consumption of 0.975 mW.

Application-specific demands mainly focus on
high impedance sensor interfacing, and to be
more specific, applications with high output
impedance photodiodes in which the input-
referred noise current spectral density becomes a
significant contributor to the total output noise.
This is due to the fact that the noise current that
flows through high source impedance is mainly
converted into noise voltage, which contributes
to the amplifier’s input-referred voltage noise.
Therefore, low input-referred noise current is
essential in  such sensors. Fiber optic
communications are major applications that
require low input-referred noise in order to
detect weak signals (~100 uA utilized in the
current study) as this feature is important for
long-haul communication where attenuation of
signal occurs. High data transmission rates are
possible with low noise for which they allow
encoding more bits per symbol. Low input-
referred noise in such systems enhances the SNR
of the signal making it possible to distinguish it
from background noise.

The addition of an active inductor feedback
impedance illustrates the power consumption
performance with clarity, compared to other
literature. However, other literature [18-19] with
high power consumption is not application-

specific. For instance, sub-milliwatt power
consumption is hugely important in TIAs
employed in  short-reach  interconnects.

Applications such as board-to-board optical links
can have very low power consumption
requirements. Other applications that involve
integrated photonics that can have on-chip
electronic and photonic components side by side
do achieve reduced parasitic capacitances,
leading to lowered on-chip power consumption.

TABLE 1. TIA comparative performance analysis with other literature.

Ref. [18] [19] [20] This Work
Year 2012 2018 2022 2024
CMOS Technology (nm) 45 45 45 45
TIA Gain (dBQ) 7.6 74.4 140 62.2
Bandwidth (GHz) 33 23 10 MHz 1
Input-Referred Noise (pA//H,) 7.2 1.8uArms 3.38 28
Power Consumption (mW) 9 37 0.01 0.975
DC Supply Voltage (V) 1 1 - 1

No. of Active Inductors 0 0 0 1
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6. Discussion

Theoretically, CS configurations represented
by transistors M; and M, (where M 1
simultaneously operates in a CG topology with
phase-shifted CS outputs), they draw no current
at inputs and therefore have extremely high input
impedances and current gains. These high input
impedances force the input signal toward the CG
input nodes inl with impedances of 1/gm
which are extremely low, hence enabling
transistors M; to conduct with a wide bandwidth.
The level of high current gain serves the output
of the RGC input stage (being a current gain
provider), as well as it serves to stabilize the
drain current path when it comes to the CG
output nodes for the transistor M;. The relaxed
conduction of M; enables Vg, > Viyo, for My to
conduct in response.

Further to the discussion above regarding the
input stage, the PMOS load transistors Mg, M,
and M,;, loads exhibit high small-signal
resistance. Drain-current paths are established
independently of the voltages at the nodes 01, X,
and Y, respectively. The PMOS loads relax the
trade-off between voltage gain and signal
headroom, given the fact that, for instance, the
voltage gain of the amplifying transistor M; is
(—=9gm1701)- The common-source (CS) stage of
transistor M; as well as in transistor M, can have
their output resistances 7p; and 7y, increased
without requiring additional power dissipation.
The bandwidth of transistors M; and M, is
inherently limited due to high parasitic
capacitance resulting from the Miller effect. In
essence, the gate-to-drain capacitance is
multiplied by a factor of 14 |A,|, thereby
increasing the total input capacitance and
consequently reducing the bandwidth. For
instance, the voltage gain of transistor M; in the
CS configuration gp,1(1o1 || 70g) is large for
large rpg, therefore, a small parasitic capacitance
Cga1 can have a large impact on the amplifier
frequency response and the same applies to
transistor M,. The presence of the common-gate
part of transistor M; functions as a current
follower that has a combined voltage gain effect
with a limited input resistance =~ 1/gpmq1. A
reduction in rpg effectively decreases the effect
of capacitance Cyq;. An active inductor exhibits
large tunable inductance with high resonance
frequency, high quality factor, and a small chip
area. This makes the active inductor feedback
load is an alternative to spiral inductor load

140

which suffers from voltage transients dependent
on di/dt. The negative active inductor feedback
process, with an absence of inductive peaking,
stabilizes output by reducing voltage fluctuations
through modification of input and output
impedances. Given that active feedback
impedance Zg; as in Eq. (10) is significant at
high frequency, its parallel configuration with
the input node inl results in a low feedback
admittance Y, which conducts only a very
small fraction of the signal swing back to the
input node without considerable fluctuation. This
fractional swing is independent of the open-loop
voltage gain, which leads to the closed-loop gain
being less sensitive to variation in the open-loop
gain.

The low input-referred noise current spectral-
density contribution is due to the feedback
admittance's low magnitude. According to Eq.
(15), the value of M is governed by Yr17455 < 1
where higher Z,; leads to minimized mean
square channel thermal noise voltage contributed
by the drain of the transistor M; according to Eq.
(25). Additionally, parasitic capacitance Cys12
within the active feedback acts as an open circuit
at low frequencies causing transistor M;, to
become diode-connected as the active inductor
impedance is approximated as 1/ g1, following
Eq. (10). At high frequencies, the gate of the
transistor My, is effectively grounded, whereas
the active feedback impedance is near 74413.
This resistance depends on channel length
modulation and drain current, and hence current
transients do not occur, and therefore preventing
unnecessary energy dissipation in transistor M.
As a result, the total power consumption is
reduced to 0.975 mW. In this work, as 4513 >
1/9gmi12, tunable active inductor feedback
inductance becomes (74513Cgs12/Gm12), Which
contributes to the low power consumption.
Tunable inductance also contributes to the
alleviation of bandwidth limitations by
resonating input parasitic capacitance. It also
contributes to an optimum group delay in order
to avoid undesirable frequency-response
peaking.

The input signal of the subsequent stage at
the node A was configured to get into CS mode
at the gate of the transistor M5 which is biased
by a transistor M;, to increase open-loop gain.
The presence of the local active feedback resistor
Tf, is to control the stage input resistance and
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reach its lowest point at which the bandwidth is
widest to accommodate the time constant of the
input stage output node O1. However, a too low
Tr, value can result in additional induced thermal
noise with degraded voltage gain. The common
drain transistor M, is placed between the stage
output and the feedback resistor 77, so that
current consumption via this resistor is
minimized.

The 0.975 mW low magnitude of power
consumption is particularly important at a
bandwidth of 1 GHz, TIA gain of 62.2 dBQ, an

input-referred noise current of 28 pA/ \/FZ at a
crucial DC supply voltage of 1V only. Recent
RGC-based TIA (90 nm process) literature
reported 1 mW of power consumption at 7.3
GHz bandwidth, 50.5 dBQ of TIA gain, 13.7

pA/\/H, of input-referred noise at 1.2V supply
voltage [2]. Recent work on current mirror TIA

(90 nm process) suggested 1.08 mW of power
consumption at 1 GHz, 66.63 dBQ of TIA gain,

25.413 pA/,[H, ata 1V DC supply voltage [24,
21]. Other RGC-based TIA (90 nm process)
literature [21 22] reported 1.3 mW power
consumption at 3.7 GHz of bandwidth, 40.6 dBQ
of TIA gain, 25.3 pA/\/FZ of input-referred
noise current at a 1.2V supply voltage. Literature
that involved current reuse RGC TIA (65 nm
process) [22, 23] reported 4.34 mW of power
consumption at 10.3 GHz of bandwidth, 65.8
dBQ of TIA gain with no reported input-referred
noise current at a 1.8V supply voltage. In 250
nm process, additional work [23, 24] indicated
831 mW of power consumption at 46.8 GHz of
bandwidth, 49.4 dBQ of TIA gain, with no
reported input-referred noise current at a -3.3V
supply voltage.

In general, the trade-off between the low
bandwidth of 1 GHz and the high TIA gain of
62.2 dBQ originates from high active inductor
impedance following Eq. (10) in conjunction
with dominant parallel photodiode capacitance.
This configuration enables the creation of a
dominant pole with a time constant even at low
frequencies. This trade-off is relaxed (alongside
low power consumption and input-referred
noise) due to minimal phase noise introduced by
the input stage current gain amplifier. This
means that the input parasitic capacitances
played a significant role in suppressing
oscillation instability while preventing further
bandwidth degradation. The  parasitic

capacitances associated with the active-inductor
feedback provide an inherent frequency-
compensation mechanism that sustains the 1
GHz bandwidth value. In contrast, passive
feedback capacitors lack this feature due to their
unavoidable imposed values.

The active inductor is efficient in terms of a
small footprint with tunable inductance
compared to an ordinary spiral inductor that
occupies a large area on an integrated circuit.
This tunability is performed through adjusting
bias voltages and currents of PMOS transistors
M;; and My,. It is therefore possible to improve
chip performance through an on-chip adjustment
of active inductor feedback (impedance) biasing
points. This provides an alternative means of
compensating for process variations, such as in
the case of passive resistors with low Q-factor,
which is normally associated with losses not
only by passive resistors but also by passive
inductors and their substrates. Device
performance is further improved when the
PMOS-based active inductors draw less drain
current, lowering overall power consumption.

The expected active inductor layout
implications in terms of area and process
variability can be addressed. The key to
establishing an efficient layout is to minimize the
length of interconnects with routing that can help
minimize parasitic effects associated with gate-
source, gate-drain, and drain substrate that can
have an impact on the equivalent inductance as
well as active inductor frequency response. Chip
area in layout work is also affected by specific
PMOS transistor sizes in addition to the
technology node (e.g., 45 nm). Transistor
characteristics can be matched in terms of
transconductances g,;,12 and gmi3. Normally,
active inductor transistors are placed side by
side, oriented in a unified direction in order to
reduce the effects of process gradients. The
width and spacing of metal interconnects affect
line resistance and therefore have significant
implications  for  layout-related  process
variability.

7. Conclusion and Future Work

In conclusion, a relaxed trade-off between
low power consumption and high TTA gain was
achieved in the simulated proposed design at 45
nm CMOS process technology at a given
moderate input-ansistorreferred noise current
spectral density with a bandwidth of 1 GHz. The
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benefit of the active inductor as local feedback at
input stage showed minimal inductive peaking in
terms of stabilized TIA gain within its frequency
response.

In future work, the photodiode interfacing
with TIA input stage can be utilized to improve
its response and speed. The photoconductive
mode in reverse bias at voltages lower than 1V
can be used for faster response time. The parallel
configuration between the photodiode and the
frequency-dependent input impedance
represented by Eq. (11) can be developed even
further to enable the input stage current gain to

impact the overall TIA gain of Eq. (22). The
above-mentioned parallel configuration can have
better time constant matching at the photodiode
parasitic capacitance/active inductor feedback
joint node. One of the key considerations for
photodiode interfacing is the reverse bias voltage
that suppresses dark current from taking hold,
while improving the photoconductive mode.
Photodiode junction capacitance can limit its
bandwidth. However, more development in
trade-off relaxation techniques can further loosen
such constraints.
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