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Abstract: A proposed transimpedance amplifier was simulated using channel length
modification. The amplifier consists of a feedforward input stage followed by a common
gate-common source (CG-CS) configuration. A series of channel lengths (45, 90, and 130
nm) in complementary metal-oxide semiconductor (CMOS) technology was implemented
for comparative performance analysis within the same proposed topology. There are two
key advantages of this study. First, the trade-off between gain and bandwidth, as well as the
input-referred noise current, remains applicable when the channel length is increased from
45, 90, and 130 nm. Second, power consumption decreases as the channel length increases
for the same topology. The total power consumption series (0.621, 0.29, and 0.175 mW)
corresponds to the above channel length series. Corresponding bandwidths of (1.69, 1.35,
and 1.10 GHz) were reported, with respective transimpedance amplifier (TIA) gains of
(44.78, 46.39, and 47.94 dBQ). The input-referred noise current was reduced to (15.24,

10.77, and 9.40 pA/,/H,) for the channel lengths of 45, 90, and 130 nm, respectively,

aligning with the trends observed in bandwidth and TIA gain.
Keywords: Transimpedance amplifier, Feedforward, Front-end preamplifier, RGC.
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1. Introduction

Fiber optic networks are meeting the
demands for high-speed (Gb/s) systems of
communications which are rapidly growing. A
comparative analysis of a transimpedance
amplifier (TIA) wusing 45 and 180 nm
inductorless CMOS process was achieved in
which a single-ended current-mode TIA in the
form of N similar TIAs in parallel configuration
was conducted [1]. A 45 nm silicon-on-insulator
(SOI) CMOS process was demonstrated in the
form of a 40 Gb/s optical transceiver that
consists of a TIA where a feedback resistor is
connected between the gate and drain of NMOS
and PMOS transistors [2]. A two-phase TIA was
implemented in 45 nm CMOS, featuring a
regulated cascode (RGC) and an inverted
cascode output stage [3]. A 5 Gbps TIA in a 90
nm CMOS process that employs an active RGC

structure at the input stage leading to low input
resistance which was followed by a level shifter
and a common source structure to achieve high
transimpedance at low supply voltage was
introduced [4]. A modified RGC TIA followed
by a closed loop gain stage with an added level
shifter circuit to the booster of a conventional
RGC circuit was proposed in the 90 nm CMOS
process [5]. A TIA with three cascaded stages in
the form of common source amplifiers utilizing
capacitive degeneration and inductive peaking in
a 90 nm CMOS process was introduced [6]. A
conventional RGC TIA employing a cascode
inverter as proposed local feedback was
implemented in 130 nm CMOS technology [7].
A 2.5 Gbit/s TIA was realized in 130 nm CMOS
technology that involved using a common source
(CS) amplifier with active inductive peaking [8].
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A 64-Gbaud TIA in 130 nm SiGe process was
implemented. The topology involved a m—
network broadband technique and shunt-shunt
RC feedback to achieve high gain and a wide
bandwidth [9]. A double cascode TIA with
inductive peaking and shunt-shunt negative
feedback was realized in a 130 nm RF CMOS
process for 10 Gbps optoelectronic receivers
[10].

1.1 Feedforward Transimpedance

The common gate topology of transistor M,
enables it to function as a source follower
because it is a part of a feedback loop, as
illustrated in Fig. 1(a). At low frequencies,
resistor R, is comparable to the total TIA gain.

The input resistance is represented by Eq. (1)
[11], if the loop at the M, gate is broken, and
assuming that body effect and channel length
modulation are disregarded:

Rip =

(1)

where g1 and g,,, are the transconductance
parameters of transistors M; and M,
respectively. The feedback loop lowers the input
resistance, extending the bandwidth as a result.
The circuit in Fig. 1(a) can be redrawn as shown
in Fig. 1(b), which is essentially a feedforward
amplifier that drives the gate of transistor M,,
which is in a common-source formation.
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FIG. 1. (a) TIA in a feedback form, (b) Amplifier inserted in feedforward path [11].

1.2 Regulated Cascode TIA

In common-gate (CG) configurations, the
impact of large input parasitic capacitance on
bandwidth can be mitigated. However, it is
difficult to totally isolate this capacitance when
the CG topology is used as an input stage. Power
consumption  constraints also  limit the
transconductance parameter g,, of the NMOS
transistor. The noise performance is normally
deteriorated by a small g,,. The RGC input
mechanism provides a valuable solution by
enhancing g,, effectively. This RGC amplifier
input node sits at virtual ground enabling wider
bandwidths [12]. The RGC schematic circuit is
shown in Fig. 2. where the photodiode current is
turned into an amplified voltage at the drain of
transistor M,. Local feedback through transistor
M; with R, at its drain reduces input impedance
equivalent to the same amount of its own voltage
gain. The TIA gain is equal to Rr. The RGC
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input impedance is (1 + g, Rp) times smaller
than in the CG configuration.
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FIG. 2. A typical regulated cascode TIA [12].

The pole in the local feedback of Fig. 2 is a
pole zero in the transfer function, leading to

frequency peaking at 1/[2an(Cg52 + Cdbl)],
where (g, and Cypy are the gate-to-source
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capacitance of transistor M, and the drain-to-
bulk capacitance of transistor M;, respectively.
In order to avoid peaking, two options are
possible: either the resistance or the gate width
of transistor M, can be reduced. When R; is
reduced, then the input transconductance g, is
reduced almost in a linear manner. The input
transconductance is reduced at a slower pace
when the width of transistor M, is decreased.
This can lead to an increase in the contribution
of channel thermal noise from transistor M, as a
result of smaller g,, [12]. These RGC
configuration challenges are noted in other
studies [13-15].

This work aims to investigate the effects of
channel length modification on a proposed TIA
topology, focusing on the trade-off between gain
and bandwidth, input-referred noise, and power
consumption reduction as channel length
increases.

2. Proposed TIA Topology

The schematic in Fig. 3 illustrates a current
gain provider in the form of an input
feedforward stage followed by a transimpedance

gain provider in a common-gate common-source
(CG-CS) arrangement. Nodes X and Y in the
input stage must have sufficient voltage
headroom to permit a measurable drain current
for amplifier transistors M; and M3. The DC
level rise at node X through the pass transistor
M, overcomes this voltage headroom. As a
result, transistor M;’s drain-to-source voltage is
also given the ability to have sufficient
headroom. This input stage setup builds upon
previously published designs [16].

As for the CG-CS stage, it is a modified form
of the transconductance parameter g,, boosting
mechanism. The drain of transistor M;, at node
B provides enough gate-to-source voltage
headroom for transistor Mgy. Hence, a boosted
gm for transistor Mgy enables lower input
impedance at node in2, expanding the
bandwidth of the CG-CS stage. Interestingly, the
low input impedance of this stage represents a
low load for the input feedforward stage. The CS
high input impedance at node A is in parallel
with the source limited and finite input
impedance of transistor Mg.
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FIG. 3. Proposed TIA topology.

For the input stage, the small signal model is
represented in Fig. 4. The input current /;;,; that
enters node inl is a fraction of the photodiode
current Ipp since some of it vanishes through the
photodiode capacitance Cpp. The current source
as an active inductor impedance is illustrated as
Zy;. The drain current of transistor M; is

governed by the voltage difference between
nodes Y and inl, while the drain current of
transistor M5 is governed by the voltage swing
on node X. Gate biasing for transistor M,
provides a stable path for drain current o M.
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FIG. 4 Small-signal model of the feedforward input stage.

The small-signal model analysis is governed
by KCL equations is represented as follows. In
this analysis, gm, 1s the transconductance
representation as per numbered transistors, gmpx
is the bulk transconductance parameter, g4, 1S
the output conductance, while Cy, and Cgyy are
the total drain and gate capacitances,
respectively. Gate-to-drain  capacitances are
given as Cyqx, While gate-to-source capacitance
is represented as Cgs1. The total input
capacitance Ciptor1 = Cpp + Cs1 + Csz + Cgy s
dominated by the photodiode capacitance.

lin1 = Vinl(gml + 9mp1 T Gas1 T+ Gmz +
Imb2 + dds2 + Jdsa + SCin,totl) -
VX Yds2 — VY(gml + SCgsl) - V01 Jds1 (23)

0="Vy (gdsﬁ + gasz + S(Caz + CgB)) -
VYSngB - Vinl (gmz + Gmb2 + gdsz)

0=V (gds7 + Gasz + S(CdB + Cgl)) -

VX(gmB - SngB) - VOISngl —Vin1 S Cgsl

(2b)

(20)
0 = Vo1 (Yar + gas1 + s(Cazr + C) +
VY (gml - Sngl) - Vinl (.gml + Imb1 +
Gas1) (2d)

The voltage gain of the input stage circuit is
deduced as:

_Voi _ gm1(A+lAy2AM31)+Gmb1+3ds1
Ay =—= (3)

Vini Yart+gasi+s(Cq1+Cr)

Here, Ay, is the voltage gain of transistor M,
and Ap3 is the voltage gain of transistor M3. The
active inductor load admittance Y,; is defined

through the inversion of active inductor
impedance as follows [17]:
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T08Cg555+1
ZAI - C
9Ims+CgssS

“
From Eq. (3), the TIA gain of the input stage
is:
Avl
P+SCeq1

)

Zria1 = Zin1 A1 =

The input impedance of the input stage is

given as:
1

Zin1 = prse (6)

where P is worked out as:

P = gmi(1+ [Am2Amz)) + gas2 (1 — Apz) +
gdsl(l - Avl) + Imb1 + Im2 + Imb2 +
Jdsa (7)

The equivalent input capacitance is defined as
Ceql:[Ci,t0t1+|AM2AM3|Cgsl]a while  the
output impedance of the input stage is as
follows:

1
Yar+gas1+s(Car+CL+Cas1 +ng1)

ZOl " ZinZ (8)
The term Z;,, will be addressed later within
the CG-CS stage. The current gain for the input
stage is expressed as:
lo1 _ Zria1
loi _ Zmian 9
Iina Zo1 ©)
The f_345 bandwidth of the proposed TIA
topology is therefore worked out as:
P
271'Ceq1

f-3aB = (10)

The combinational topology of CG-CS has
the CS configuration with a gate that draws no
current (at low frequencies), hence, a current
gain of infinity (theoretically) can be exhibited.
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The high input impedance of the CS core is in
parallel with the CG input terminal which has far
lower input impedance. Voltage headroom
through the gate-to-source voltage of transistor
M, is easily overcome since node in2 carries

the DC voltage from node 0; and a fraction of
the DC budget supply of 1V. The small-signal
model of the CG-CS stage is shown in Fig. 5.
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FIG. 5. Small-signal model of the CG-CS stage.

ling = Vina (gm9 + 9mpo t+ Gaso + Jas11 t
Cinz,tot) - VB (gm9 + SCgs9) - VOZ (gds9 +

5Cqso) (11a)
0=V, (gd514- + S(Cd14 + CglO)) -
VesCqa10 — VinzSCq10 (11b)

0="Vp (gd513 + Gasro + 5(Car0 + Cgo +
Cd13)) —Va(gm1o — 5C4a10) — Vo25Cga0
(11¢)

0 = Voa(9asiz + Gaso + s(Cag + Ca12)) +
Vg (9m9 ) ng9) — Vin2 (9m9 + Gmpo T
Idso + Sng9) (lld)

where  Cina tor = Co1 + Cso + Cq11 + Cg19  as
Co1 = C41 + Cys. There is no actual gain from
node in2 to node A, it is rather a transfer of
impedance. However, for the sake of
representation, the following formula is worked
out based on Eq. (11b):

Va 5Cg10

Vinz gd514+5(cd14+cg10)

(12)

Voltage gain from node A to node B is
represented as:

Ainza =

Ve _ Imio
Va  Gasiz+9asio+s(Caro +Cg9+Cd13)

(13)

The voltage gain of the CG-CS stage is
introduced as:

App =

A = Imo(1+|Ainz4A44B)+Imbo+9Jdso
v dds12+9ass+s(Cag+Cqi2)

(14)

The input impedance of the CG-CS stage is
manifested as follows which was indicated back
in Eq. (8):

1

Zing =

(15)

Q+SCeq2

Whereas fractional Q is given as:
Q = Imo(1 + |Ain24A481) + Gmpo + Gaso +
Gas11 — szgds9 (16)

The equivalent input capacitance for the CG-
CS stage 1S Ceqz = Cinztor + |AinzaAaplCys9, While
the CG-CS TIA gain is:

(17)

The overall TIA gain for the proposed
topology is:

_ Vo2 _
ZTIAZ - Iina - ZinZsz
U

lo1 , Vo2

(18)

where Iy = I;2 in which a current gain of the
input stage is multiplied by the TIA gain of the
CG-CS stage as in the above equation.

VA =
Tia Iina Iinz

3. Noise Analysis

The following equation is based upon an
experimental common formula [16], however
with a unique expression that describes the mean
square channel thermal noise voltage (spectral
density) at transistor M;'s drain:

Vr%o,dl = 4kTagm1(Zria1 — Zo1)* (19)

where @ =y(g40/9m), as y is the channel
thermal noise coefficient, and g, is the zero
bias drain conductance. The drain of transistor
M, mean square channel thermal noise voltage
is:

Tz A1)
Vno,dz = 4kTagm, (ZTIAl —Zx )

" (20)
Here, Ay1/Ayz = Vo1/Vx, where Zy is the

impedance at node X. The mean square channel

thermal noise voltage at the drain of transistor

M; is:
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2 . o

— A The noise voltage contribution of the PMOS

VZoas = HkT@Gms (Zrias — Zy—22—)" 1

no,ds Gm3 \ T4 = Y QL s @D current sources (Mg and Mg), as well as

Here, Ay1/(Am2Ams) = Vo1/Vy, where Zy is
the impedance at node Y. An update to the
approach from prior literature [16] incorporates
short channel effects [18] for the mean square
induced gate noise voltage (spectral density) of
transistor M;. The expression for the mean
square induced gate noise voltage is:

)2

(@Cgs1)’ Ap1
(Zria — 2y
(22)

V2 = 4kT§

no,g1

5

ApM2AM3

where § is the gate noise coefficient. The shunt

conductance (gy) is redefined here as
[(ngsl)z/Sgdm]. Previously, it  was
considered as [(wCp)?/gao1l, Wwhere Cp

represented the gate-oxide capacitance. The
mean square induced gate noise voltages (for
transistors M, and M;) are:

N (0Cgs2)”

Viog2 = 4KTS Sg‘is; (Z7141)? (23)

V5, = akTo W) (7 2’ 24
no.g3 — 9do3 XAMz ( )

The common form of the overall gate and
drain noise contribution is defined as [16]:

2
Vno,dx'

=y2

no,dx

VZ

2
no,Mx Vno ,gx

(25)

where c¢ is the cross-correlation coefficient
(drain-to-gate noise). Transistor M, noise
voltage contribution is defined in this work as:

(26)

+ Vi g2 + 2l

ViZoma = 4kT (Z1141)* Gasa
55

~ 45
|

<]

T4

i

)

0 3

4

o

B30 — 45 um:TI4 GAIN=4478 dBQ @ BW= 1,63 GHz
% =90 nm: TIA GAIN = 4639 dBQ @ BW= 1.35 GHz

=130 nm: TIA GAIN = 47.94 dBQ @ BW=1.10 GHz
2
1.00E+08 1.00E+09 1.00E+10
Frequency (Hz)

TIA Gain ()

transistors Mg and M, is uniquely defined in this
work as:

2
v,
Vnzo,r = 4kT (ZgYAI + ZJ%gdSG (V_z) +
2
2 Ay
Z3gas7 (522-)') @7)
The total noise contribution based on

integrated mean square noise voltage (spectral
density) is:

2 _ 12 2 2 2
Vno - Vno,Ml + Vno,MZ + Vno,M3 + Vno,M4 +

2
Vno,r

(28)

As a result, the input-referred noise current is
given by the following common formula:

- V2
2 Vito
M (Zr1ar)?

(29)

4. Results

Channel length modifications using 45, 90,
and 130 nm scales for the proposed TIA circuit
topology (Fig. 3) are presented with
corresponding TIA gain in Fig. 6(a). Ranging
from 45, 90, and 130 nm scale, as the f_34p
bandwidth is reduced, the TIA gain increases.
Specifically, bandwidths of 1.68, 1.35, and 1.10
GHz correspond to 44.78, 46.39, and 47.94 dBQ,
respectively. Similar ohmic TIA gain behavior is
manifested in Fig. 6(b). For the same bandwidths
of 1.68, 1.35, and 1.10 GHz the respective ohmic
gains are 173.434, 208.74, and 259.70 Q,
respectively.

400
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250

200

150

45 nm:TIA GAIN=173434 Q @ BW=1.68 GHz
100

=90 nm: TIA GAIN =208.74 Q @ BW=1.35 GHz
50

——130 nm:TIA GAIN =259.70 @ @ BW=1.10 GHz

0
1.00E+08 1.00E+09

Frequency (Hz)

1.00E+10

FIG. 6. TIA gain performance in (a) dBQ and (b) Q.
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The reduction in bandwidth—1.68, 1.35, and  reduces to 15.24 pA/+/H,, 10.77 pA//H,, and
.1 10 GHz—correlateS dlreqtly .Wlth a rise 1 9.40 pA/,/H,. This inverse relationship between
input impedance, as shown in Fig. 7, where the iout impedance and  inout-referred  noise
input impedance values are 230.93, 288.22, and put P putT! .
349.19 Q for the channel lengths of 45, 90, and highlights a trade-off where fnereasing t'he

’ > channel length leads to a reduction in noise

1 ively. 1 he i - i i i
30 nm, respectively. In contrast, the input current, further impacting the bandwidth as a
referred noise current (spectral density), shown result

in Fig. 8, decreases inversely to the input
impedance. Specifically, the noise current

600
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c 400
o
-
%
H
= 300
@
Eh
-
« 200 = : ;
= 45 nm: Zin1=230.92 Q @ BW=1.68 GHz
=
=

100 ——90 nm: Zin2=288.22 QO @ BW =1.35 GHz

=130 nm: Zin3=349.19 Q @ BW = 1.10 GHz
0
1.00E+08 1.00E+09 1.00E+10

Frequency (Hz)

FIG. 7. Input impedance frequency dependence as per each channel length.
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FIG. 8. Input referred noise current spectral density as per each channel length.

The total power consumption is confined to  consuming transistors are Mg, My, and My,. The
0.621, 0.29, and 0.175 mW for the channel 45 nm scale consumes more than twice the
lengths of 45, 90, and 130 nm, respectively (Fig.  power of the 90 nm scale and over three times
9). In addition, an individual transistor the power of the 130 nm scale.
consumption is also shown. The most power-
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FIG. 9. Power consumption as per each transistor number for the channel length series (45,
90, and 130 nm).

The simulated active inductor impedance,
based on extracted data, exhibits a frequency
response that somewhat resembles the behavior
of a spiral inductor. As shown in Fig. 10, an
impedance divergence is observed in the 45 nm
scale when compared to the 90 nm and 130 nm
scales. This divergence arises from the onset of

overlap between the depletion layers extending
from the drain towards the source, an effect
known as drain-induced barrier lowering
(DIBL), which results from short-channel
effects. To facilitate a clearer representation, a
low frequency of 5 Hz is used

2.50E+11
45 nm
P~y —00 nm
S 5 .00e+11
o ——130 nm
s
=
o
~
& 1.50E+11
(=7
g
S 1.00E+11 — —
—
=
~
E /
@ 5.00E+10
>
=
~
-~
0.00E+00
5 500

50000

5000000 500000000

Frequency (Hz)

FIG. 10. Calculated active inductor impedance for the channel length series (45, 90, and
130 nm).

The eye diagram for the 45 nm TIA topology
is presented in Fig. 11(a). The measure of jitter is
around 0.07 ns which is the time variation of
zero crossing, while the best time to sample is
around 0.4 ns which is the decision point in
which the most open part of the eye is equivalent
to the best SNR. The signal-to-noise ratio at the
sampling point is equivalent to 24.5 mV. The
slope corresponds to a change in voltage swing
of 15 mV versus a change of 0.09 ns. This slope

490

is relatively small which indicates the sensitivity
to timing error. As in the 90 nm scale for the
same TIA topology, shown in Fig. 11(b), the
measure of jitter is around 0.04 ns, while the best
time to sample is around 0.45 ns. The signal-to-
noise ratio at the sampling point is equivalent to
32 mV. The slope corresponds to a change in
voltage swing of 10 mV versus a change of
around 0.04 ns. Regarding the 130 nm scale for
the same TIA topology, shown in Fig. 11(c), the
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measure of jitter is around 0.04 ns, while the best
time to sample is around 0.47 ns. The signal-to-
noise ratio at the sampling point is equivalent to
36 mV. The slope corresponds to a change in
voltage swing of 8 mV versus a change of
around 0.03 ns. The bandwidth series (1.68,
1.35, and 1.10 GHz) and the vertical and

0!
0.0 0.
FIG. 11. Eye diagram using bit sequencing at 1.5 Gb/s for : (a) 45 nm scale, (b) 90 nm scale, and (c) 130 nm
scale.

02 03 04 0.

For the 45 nm scale, Table 1 illustrates a clear
trade-off in TIA gain, bandwidth, and input-
referred noise, showing balanced performance.
In related literature, the lowest reported power
consumption is 0.01 mW [3], though the supply
voltage is unspecified. When comparing the
power consumption of 0.621 mW achieved in
this study with other references [4,19], it

06 07 08 09 1.

horizontal eye openings shown in Fig. 11
indicate very limited intersymbol interference
(ISI) in random data transmission. Although the
bandwidth is lower at the 90 nm and 130 nm
scales, corresponding to 1.35 GHz and 1.10 GHz
respectively, a 1.5 Gb/s input bit sequence was
applied for comparative performance purposes.

102
96 ¢

90 N\

84\ \

78 |

72

66 |

60 |

ny

48 J/

42 ‘/ .

% | - S~

00 01 02 03 04 05 06 07 08 09 10 11 1.2 1.3ns

11 1.2 1.3ns

becomes evident that, while the gain level of
44.78 dBQ in this work is moderately lower, the
achieved power efficiency offers a competitive
advantage in application-specific contexts,
particularly given the f_z;5 bandwidth of 1.68
GHz.

TABLE 1. Comparative performance for 45 nm scale in relation to other literature.

Ref. [4] [19] [3] This Work
Year 2010 2018 2022 2023
CMOS Technology 45nm 45 nm 45 nm 45 nm
TIA Gain (dBQ) 55 74.4 140 44.78
Bandwidth 30 23 10 MHz  1.68 GHz
Input Referred Noise (pA/\/Hz) ~ 20.47 12 4.6 15.24
Power Consumption (mW) 9 36.6 0.01 0.621
DC Supply Voltage (V) 1 - 1
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Table 2 provides a balanced comparison
between this work and the cited literature [20-
21]. There is an indirect relationship between
power consumption and bandwidth, which
highlights the trade-off between bandwidth and
TIA gain. The power consumption level of 0.29
mW in this work is more than three times lower
than that reported in the comparative literature
[20, 21]. However, the f_;; bandwidth in the
comparative studies is over five times higher,
with results for TIA gain and input-referred
noise being closer, given that a 1.2V DC supply
voltage is applied in that literature [20]. Due to
the mentioned trade-off relationships, other
studies [22] appear to focus on different
applications other than power consumption

TABLE 2. Comparative performance for 90 nm scale

reduction as a key advantage. The same
approach is followed in Table 3 in which there
are some divergent results between this work and
the cited literature [7, 23] in terms of TIA gain.
Given the compromise of achieving a low power
consumption of just 0.175 mW in this work, this
divergence is expected. However, it is important
to note that a 1.5 V DC supply budget is applied
in the referenced studies [7, 23], compared to the
1V used in the proposed TIA topology. The high
power consumption reported in the cited
literature [24] is associated with high input-
referred noise, which represents a significant
difference from this work, especially since no
specific DC supply voltage is indicated in that
context.

in relation to other literature.

Ref [20] [21] [22] This Work
Year 2019 2020 2021 2023
CMOS Technology 9Onm 90nm 90 nm 90 nm
TIA Gain (dBQ) 50.5 41 39.8 46.39
Bandwidth (GHz) 7.3 6.5 24.8 1.35
Input Referred Noise (pA/+/Hz) 13.7 33.4 50 10.77
Power Consumption (mW) 1 1.67 11.6 0.29
DC Supply Voltage (V) 1.2 1 - 1
TABLE 3. Comparative performance with other literature for 130 nm scale.
Ref [7] [23] [24] This Work
Year 2015 2019 2021 2023
CMOS Technology 130nm  130nm 130 nm 130 nm
TIA Gain (dBQ) 52.4 59.885 66 47.94
Bandwidth (GHz) 8.2 6.9 40 1.10
Input Referred Noise (pA/\/H;)  1.94 1.925 9.4 9.40
LATrms
Power Consumption (mW) 3.6 0.872 142 0.175
DC Supply Voltage (V) 1.5 1.5 - 1

5. Discussion

In the input stage shown in Fig. 3, the active
inductor is configured using two PMOS
structures (transistors Ms and Mg). In this
configuration, the conditions of having a single
MOSFET operating in saturation as a current
source do not apply, yet the active inductor can
still maintain a stable voltage at node 0; given
the fact that channel length modulation
parameter A # 0. The drain terminal of transistor
Ms can draw a DC current and present high
impedance. The significant impedance of the
active inductor behaves like an ideal current
source, exhibiting nearly infinite small-signal
resistance.
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Theoretically, the highest possible voltage
gain for transistor M is given by (—gm17o1).
However, the output node resistance of transistor
M; is determined by the parallel combination of
its own output resistance (represented by the
active inductor impedance at low frequencies
and the input resistance of the second CG-CS
stage. A key advantage of having the active
inductor current source is its ability to alleviate
the trade-off between voltage gain and the

voltage headroom (Vg1 — Vi) so far as
transistor M; is concerned.
The degeneration output resistance of

transistor M, sustains a fraction of the input
voltage at node inl. From the perspective of the
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CG configuration, the photodiode input signal is
delivered as a current, causing the voltage at
node inl to increase by AV;,;1. Consequently, the
gate-to-source voltage of transistor M; decreases
by similar amount, leading to a reduction in
drain current by g,,14AVi,1 and consequently, an
increase in output voltage at node 0. The input
pole magnitude described in Eq. (1) is
maximized within the CG structure by
maximizing gp1, which can be achieved by
increasing the drain current. This leads to higher
gate-to-source and minimum allowable drain-to-
source voltages for transistors M; and M,,
respectively, along with an increased voltage
drop across the active inductor impedance Z4; at
the DC level. The 1V supply voltage is sufficient
to support these voltage headroom requirements.
Interestingly, Z,; is extremely high across the
bandwidth series (1.68, 1.35, and 1.10 GHz), and
even at lower frequencies as shown in Fig. 10.
This high level of Z,; contributes to the
suppression of input-referred noise and prevents
the magnitude of Zr;41 from falling. The biasing
of transistor M, is set high enough to allow a
reasonably elevated drain-to-source voltage,
thereby reducing noise and drain capacitance.
Despite the challenging constraints, a broadband
topology with a reasonably high transimpedance
gain was achievable in this work, even with a
low supply voltage of 1V.

The CG drawbacks were overcome since
transistor M; not only serves as active feedback
but is also in a CG configuration. The first CG
drawback is that the noise scales in a direct way
with  Ciprorn  and  frequency; as  SCip o1
increases, a significant fraction of the noise
contributed by transistor M; does not circulate
inside it but instead flows from the output node
0,;. The second drawback, which is often
expected, is that the noise contributed to the
input by the DC component of Z,; rises as
| 5Cin,tot1| becomes comparable to g,,;. This is
typically observed since the TIA gain tends to
decrease as the signal frequency approaches the
input pole.

Within the CG-CS stage, the low input
impedance of the CG core (ignoring the high CS
input impedance) enables a wider bandwidth of
the CG-CS topology, accommodating the time
constant of the output node O; from the input
feedforward stage. The combined CG-CS output
impedance is determined by how low is the
output conductance of transistors M;, and M;3.

Given the high output resistances of transistors
My and M;,, it was not possible to neglect
channel length modulation. The CG stage on its
own suffers from a trade-off between gain and
overdrive voltage, the drain resistance of
transistor Mg is high enough to achieve a
considerable voltage gain.

With regard to channel length modification
effects on input impedance and TIA gain, the
upward direction in channel lengths (45, 90, and
130 nm) for the identical proposed TIA topology
leads to increases in both TIA gain and input
impedance as illustrated in Fig. 6 and Fig. 7.
According to Eq. (6), the increase in input
impedance (with increasing channel length) is
attributed to the decrease in gy
(transconductance of transistor M;). This
decrease in g,;; occurs due to the narrower
variation in gate-to-source voltage and,
subsequently, a reduced variation in drain
current for transistor M; as channel length
increases. Similarly, the decrease in the
transconductance parameter g,,, for the pass
transistor M, affects input impedance in the
same manner as observed in transistor Mj.
Subsequently, an increase in input impedance
contributes to the increase in TIA gain of the
input stage (Zrp41) according to Eq. (5). The
term |Apy,Ay2| plays an important role in
determining the input stage voltage gain (Ay,),
which has an inverse relation with input
impedance as described in Eq. (5). For a single
transistor, there is a proportional relationship
between channel length L and voltage gain 4,,
expressed as |A,| < +/2u,CoxWL/Ip [17]. This
relationship remains true when generalized to the
proposed circuit topology. Therefore, a higher
voltage gain means a higher TIA gain across the
channel length series (45, 90, and 130 nm).

Regarding the effects of channel length
modification on bandwidth and input-referred
noise, the increase in input impedance associated
with the channel length series results in reduced
bandwidth, lower input-referred noise, and lower
power consumption. To be more precise, the DC
input resistance is given by 1/P according to Eq.
(6), hence, the f_345 bandwidth is governed by
this resistance alongside the equivalent input
parasitic capacitance Cqq. Therefore, the rise in
input impedance shown in Fig. 7 across the
channel length series (45, 90, and 130 nm) leads
to a reduction in bandwidth (1.68, 1.35, and 1.10
GHz). From the perspective of input-referred
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noise shown in Fig. 8, the rise in input
impedance along the channel length series
causes an increase in Z744 gain according to Eq.
(5). Given the square Zr;4q term in Eq. (29), this
inevitably leads to a reduction in input-referred
noise current along the series. The inverse

relationship between 12, and (Z7;41)? as in Eq.
(29) may not be straightforward, since the total
integrated mean square noise voltage spectral

density contribution V2 also contains (Z7;41)?

in various terms. However, the impact of V2 is
minimized. For instance, in Eq. (19), the term
(Zy1a1 — Zo1)? clearly indicates the subtraction
of the input stage output impedance Zgq,
especially since ggzs1 > Y4 as in Eq. (8),
considering that the active inductor impedance
Zy; 1s extremely high at the bandwidth series
(1.68, 1.35, and 1.10 GHz) shown in Fig. 10.

In terms of the effects of channel length
modification on power consumption reduction,
the upward trend in channel length correlates
with the output resistance of each individual
transistor, since 1, = (AI)”1. Given that
Ao L™ and considering the channel length
series (45, 90, and 130 nm), a new form of
channel length modulation arises for the
proposed TIA circuit topology. The series power
consumption (0.621, 0.29, and 0.175 mW)
shown in Fig. 9 corresponds to the
aforementioned channel length series, which is
attributed to the rise in output resistance of each
transistor. PMOS current sources, such as
transistors Mg, M;, and M;,, exhibit higher
power consumption compared to other
transistors. For transistor Mg, an additional drain
current is drawn due to the biasing of transistor
M, in a degenerative configuration, where its
source is connected to the drain of the biasing
transistor My, resulting in an extra drain current.
Transistor My, also has a degeneration path
through the drain of transistor M;, and similarly
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for transistor M;,. Based on the above argument,
it is valid to say that the 45 nm scale indicates
the highest power consumption, although it is
still far lower than values reported in other
literature. It is also possible that there was an
overlap in the depletion regions between the
drain and source in the 45 nm scale, which could
have led to higher output resistance due to short-
channel effects, specifically drain-induced
barrier lowering (DIBL).

In the comparative performance analysis
tables, an important concept emerges regarding
the trade-offs among TIA gain, bandwidth, and
input-referred noise. This trade-off is evident in
the 45 nm scale literature presented in Table 1,
as well as in the rest of the channel length series
(45, 90, and 130 nm) for the proposed TIA
topology shown in Fig. 3. For application-
specific criteria, power consumption reduction
does not exactly and fully follow the trends
observed in the comparative literature presented
in Tables 1, 2, and 3, as the channel length
increases from 45, 90, and 130 nm. This
discrepancy is due to the selective nature of
certain applications that may relax the original
trade-offs in TIA gain, bandwidth, and input-
referred noise. Nonetheless, the general principle
that power consumption reduces with increasing
channel length (for similar or different
topologies) remains valid in most cases.

Conclusion

A proposed TIA was designed, analyzed, and
simulated with channel length modification. It
was found that a trade-off between gain,
bandwidth, and input-referred noise current can
still apply as the channel length is increased
from 45, 90, and 130 nm. In addition, power
consumption reduction occurred with the upward
modification of channel length for the same

topology.
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