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ABSTRACT

In this research a new design of the transimpedance
amplifier (T1A) with the current mirror was employed by
the technique (65nm). The TIA consists of a common gate
transistor amplifier (CG TIA) and a common source
amplifier as an input stage with local active feedback with
a second stage of a current mirror and local active feedback
to increase gain. In order to verify the performance of the
proposed TIA, a circuit simulation was carried out in the
LT spice program using coefficients with the technique
(65nm CMOS). The simulation results indicate that the
interfacial impedance gain is (41 dBQ) at a bandwidth
frequency of (2.0 GHz-3dB) for an input capacitor of
(100 fF) and an input referred noise current spectral density
of (14 pA/~Hz) and a power consumption value of
(0.091 mw) at an applied voltage (1V). The main focus of
this research is low consumption of power and voltage
compared to another research.
Keywords: Common-gate (CG) amplifier, Common-
source (CS) amplifier, Active feedback,
Current mirror.
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INTRODUCTION

In a typical optical communication system, the most important function of the receiver is to
convert the weak current signal to a larger voltage signal, so an amplifier must be needed in the
front end of an optical receiver, and the most important specifications of it should include low input
current noise, high and adequate bandwidth and accurate transimpedance gain (Toumazou and Park,
1998) and (Vanisri and Toumazou, 1993). Contemporary Metal Oxide Semiconductor (CMOS)
transimpedance amplifier (TIA) is widely used, because of its low input impedance, low-cost wide
bandwidth and low input-referred noise current. Common-source (CS) amplifier with shunt
feedback is used topology, however, the input parasitic capacitance (Ci,), which consists of the
parasitic capacitance of photodiode, the electrostatic discharge (ESD) circuit and input passive
attenuation device (PAD) primarily constrains the noise performances in such TIA and bandwidth.
The second widely used topology is the so-called common-gate (CG) (Toumazou et al.,1998). The
advantages of the CG topology are the very wide bandwidth and the low input impedance of the
common-gate input transistor, which make the amplifier bandwidth less sensitive to the input
parasitic capacitance (Razavi, 2000). An inductor less modified Regulated Cascode (RGC) TIA was
investigated (Taghavi et al., 2015). A CMOS Regulated Common-Gate (RCG) TIA based on
elliptic filter approach was introduced (Salhi et al., 2018) as a compact design, while a low power
current mirror TIA was demonstrated for 10 Gbps optical communications (Zohoori et al., 2018).
The aim of this research is to obtain a low power consumption during the operation of the circuit).
In addition, no direct current can pass from V44 to ground as a CMOS appreciable current can rise
during switching transients and a current exists only during small fraction of time during device
operation (Pimbley et al.,1989).

Main Transimpedance Amplifier Concepts
Common-Gate Amplifier

An amplifier stage with low input impedance is the common-gate (CG) (for field effect
devices). Ignoring second-order effects in the transistors for present, the input resistance of each
stage is approximately equal to 1/g,,, where g, represents the transconductance of the input

transistor. The right choice of the bias current regarding transistor M, device dimensions leads to a
relatively low input resistance, in which the input bandwidth can be maximized. The low-frequency
circuit shown in Fig. (1) is a typical representation for CG input stage (Razavi, 2012).
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Fig. 1: Basic Common-Gate Circuit Diagram (Razavi, 2012).

Taking into account, channel-length modulation as well as body effect and assuming I is an

ideal current source, a small-signal equivalent circuit of the CG stage can be assembled as in
Fig. (2). The transimpedance gain is R; = Ry, , since all of the input current I, flows through

resistor R, (Razavi, 2012).
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Fig. 2. Small signal model of common gate stage (Razavi, 2012).

To work out the input resistance —V,/I, , the current through =, is equal to

£

I, + 9.V, + 9.V, - By summing the voltage drops across r, and R, and having the result equals
to —V; , itis obtained as:

('{z’n +gm TrJl + gmbvljro + [:':'zRD = _Vl (1)
Thus, R, = =V, /I, and hence,
r, + Ry

Riu = 2
1+(g;n+g?ﬂb)rﬂ ( ]

Common-Source (CS) Amplifier

In Fig. (3), in the common source amplifier configuration, the input is introduced to the gate
and the output measured at the drain. Transistor M; converts the input voltage changes to
(proportional) drain current changes in a small signal model, while load resistor R, (transforms) the

drain current to an output voltage. If channel-length modulation is ignored, the small-signal
representation in Fig. (3) yields v,,, =V, and V,,, = —g,,, ViR (Razavi, 2006).
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Fig. 3: a: Common source stage. b. small signal mode (Razavi, 2006).

Current Mirror Topology

The current mirror topology is an electrical circuit that is mainly designed to maintain constant
current within a circuit network, as the circuits have recently been reduced in volume. The size of
today's transistors is available at the nanoscale with the effect of channel length modulation is taken
into account ((King and Leblebici, 2003), (Allen and Holbers, 2011) and (Suman, 2018)).
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In Fig. (4), it is noted that the drain-gate voltage of the ambient transistor M, is zero, therefore,
the channel does not exist at the drain, and the two transistors M; and M, operate in the saturation
region if the overdrive voltage is positive, as the current that flows in the drain of My is mirrored to
the drain of M, (Gray et al., 2001).
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Fig. 4: Current mirror topology

The Design of Proposed (T1A) Circuit

In this section, the design of the transimpedance amplifier (TIA) structure with current mirror
implemented in a low-voltage (1V) and 65 nm CMOS technology as shown in Fig. (5). The
proposed TIA topology involves a common-gate (CG) TIA and common-source (CS) TIA, with
active feedback resistor and the current mirror to increase the gain in transimpedance. This work is
a development of previous research (Phang, 2001). In this work, LT spice Software was used to
simulate the proposed transimpedance amplifier. It is based upon PSpice circuit solver engine which
enable circuits to be solved on mathematical conversion point. This work is a development of
earlier work (Al-Kawaz and Alsheikhjader, 2020) and (Alsheikhjader, 2020).
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Fig. 5: Proposed low-voltage TIA

When the light applied on the photodiode, it will transform the light into a suitable current. The
built-in input capacitance (100fF) was connected parallel to the photodiode. The input capacitance
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is inversely proportional to the bandwidth frequency as the input capacitance increases, the
bandwidth cut off frequency reduced and this is due to the photodiode limitations that have direct
influence on input capacitance. And also, the circuit output is connected to another built-in
capacitance (200fF output load capacitance). The current from the photodiode would then move
through the M; NMOS transistor representing the common-gate (CG) amplifier operating in the
saturation region. So, the signal exiting in the drain terminal for M; passes through and amplified
by the M, common source structure arriving at node N in which it is fed back to the input through
transistor Mg. Part of the signal at node N enters a second stage current-mirror topology. Gate-to-
source voltages of transistor Mg and Mg are set to be equal in order to mirror the drain current of
transistor M, into the second stage output node. At the point of output node, there is second local
active feedback in the form of transistor M; through which a fraction of the signal is feedback to
node N and ultimately to the input of the second stage through the source terminal of transistor M.
It is important to notice that the signal feedback through transistor My is partitioned to the source of
transistor M, as well as through the transistor Mg back to the input of the first stage. Fig. (5) also
shows that there are three PMOS transistors M4, Ms and M1, which function as "current sources" as
used to maintain the current stability in the circuit. Now, after reviewing the circuit operation, the
internal variables for each type of NMOS and PMOS transistor are shown in (Table 1).

Table 1: Parameters of NMOS and PMOS transistors

n-channel | W/L p-channel W/L
M, 6.17 M, 1.3
M, 6.17 Ms 1.3
M 6.17 My, 1.3
M; 6.17

Mg 3.25

Mg 3.25

Ms 1.3

Input Stage TIA Gain Derivation
Now, the circuit's transimpedance gain can be derived according to Fig. (5) according to the
general formula (Staric and Margan, 2006):

(& ) cu
-4, ——=-4 - (3)

=—A, =
v, - s —5 “stw,

s is the complex frequency variable., 4, is the amplifier open DC gain. s_ is the amplifier real
dominant pole, so that: —s_, = w_ = 2xf, as f, is the open loop cutoff frequency.
The sum of currents at the . input node is:

._1’ o 4
I:'_1+ 1 (4)

- 1
' —+sc
Tos re
Leading to the inclusion of the closed loop voltage gain A in relation to input and output voltages

1
. Vs LG{E+1)rﬂ'E‘
j=——sg;—————————— (5)
A 1+ 5¢p T
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Further development of above equation can be put forward by using equation (3) as the final
transimpedance gain equation for the input stage appears to have a third order denominator.

A {1 t 55 ’"os}
el

Vo Ci Cre Tos
—= o g ) _ (6)
hooa 5 L+ w655 s +s(a:-= O 4 s ) e (L+A)

Ci Cfe To Ci Cre Tos Ci Cre Tos

Overall TIA Gain Derivation

It is known that gain, bandwidth and noise are important requirements for circuit design with
design pre-requisites such as supply voltage and input capacitance influencing each.

Since the TIA gain of the first stage is defined as in v, /I,,., , the current gain takes a new

expression as in:
Vo1 — Zol '{oi Iol Vo1 1

= — (7)

Iz':lzl '{z':lzl Iz':lzl '{z':lzi zoi

The output impedance of the first stage is represented by:

Zogy = Voo [ Mosd I Toa/ [To7 (8)

From equations (6) and (7), the final current gain expression becomes:

I, e C; Ceg T, 1 1 1 1
L= [ t—+—+— (9
s°+s"A+sBE+C

Toz  Tos Tos Tov

Note that:

A (1 + w- g7 ) B (@ €;47) oo w1, (1 + A,)

C; Cralhs C; Cre Tos C: Cralos
Following on the current mirror small signal derivation, the TI1A gain for the second stage is
derived as:

'L:'D-

Il'r!:

T N R - 10)
Fi In s s 1
T‘r—+ E:_ Yin O + 320 + 3w 3 | + |Gms Vpr 5 =+ Gme ¥y + Y7 O+ 3w ) | + (e + 9 s

Current mirror stage admittances are defined as y,, as the input admittance, y, as the load
admittance, v, as node N admittance and v as the second local active feedback admittance. Given
the fact that 1,, = I, , and according to equation (11), the final expression (V,, /1,,) for the

| 2/ ¥

overall TIA gain of the proposed amplifier is improvised. In this section, the overall TIA gain is
based upon multiplying gain of the first stage in equation (9) by the second stage gain of equation
(10).
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Vaz — '{01 Vaz (11]
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TIA Bandwidth Derivation
To find the bandwidth, the TIA's input resistance is derived in order to comply with the
following general bandwidth equation.

f—3dB = (12)

2wR. ¢

in “in

The small signal model of Fig. (2) can have the following derivation for the circuit input
resistance which in line with literature (Razavi, 2012).
_ Tos (rﬂ1+r5~6] + To1 Tos

(gml + g?ﬂblj'rﬂl Tos

in (13)
The TIA input capacitance is expressed as ¢;,, = ¢,; + €43 + €4 - By substituting this input

capacitance and input resistance of equation (13) into equation (12), the TIA bandwidth equation is
given as:

(gml +gmb1j + To1 Tog

Tos (o1 e + 150 Toe ] [C;m T Capz T Csbl]

fozas = 2 7] (14)

Proposed TIA Gain Results and Discussion

The simulated proposed TIA circuit indicated the importance of low power consumption
demand by the industry with regard to low voltage devices. Short channel effects did not have that
much of an impact on the data stated in Table 3. Despite the moderate TIA gain of 41 dBQ at 2
GHz of bandwidth, an extremely low magnitude of 0.091 mW (power consumption) is reported.
However, an extremely low input referred noise current spectral density is obtained. After entering
and simulating these variables for the NMOS and PMOS transistors, we obtained optimal results as
shown in the low voltage (1V) supply (Table 2 and 3) concluding: high gain, wide bandwidth, low
power consumption, and low noise at high frequencies.

Table 2: Power consumption of each transistor

Transistors Power Consumption
M1 58.174nw
M2 7.4516nw
M3 1.297uw
M4 29.979uw
M5 30.039uw
M6 222.81nw
M7 135.61nw
M8 11.707nw
M9 31.236nw
M12 29.915uw
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Table 3: Main characteristics of proposed TIA

CMOS 65nm CMOS (Vth:0.2 V NMOS and -0.9
Technology V PMOS)
Input 100fF

Capacitance

Supply Voltage | 1V

Gain 41 dBQ
Bandwidth 2 GHz
Power 0.091 mw

Consumption

Input-Referred | 14 pA/NHz
Noise

In Fig. (6), a simulated transimpedance gain versus frequency is reported, in which the f_. ..

bandwidth of 2 GHz is confirmed at a gain of 41 dBQ. It is important to point out however, that the
low input capacitance of 100 fF (in simulation) did have an important role to play in having a
relatively wide bandwidth. The dominant pole of this frequency response does appear at the
bandwidth point. The effect of pole zero may not have a direct effect on the cut off frequency of the
circuit, however, the dominant pole in Fig. (6) is due to the direct effect of the input capacitance
given earlier. Most effective is the input photodiode capacitance which appears in parallel with the
input stage (i.e., the source of transistor M;) in a form of common-gate configuration.

50.00

45.00 .
40.00 g“l
35.00

v
30.00

(2GHz, 41 dBQ)
25.00

20.00
15.00

TIA Gain dBQ

10.00

5.00

0.00
1.00E+08 1.00E+09 1.00E+10 1.00E+11

Frequency GHz

Fig. 6: Simulated TIA gain versus frequency.

A DC sweep biasing of transistor M; gate was carried out from (0.8V-1V) and an output
voltage swing range is obtained as in Fig. (7). The reason behind changing the DC biasing of this
particular transistor is the fact that transistor My source is the circuit input terminal which decides
how far the signal can be amplified initialy, controls circuit bandwidth through input parasitic
capacitance as given earlier. Furthermore, the source of transistor M; repsents the other end of the
local active feedback of transistor Mg, hence affecting negative feedback mechanism greatly.
Needless to say that transistor M; which is the local active feedback of the second stage also
connected through node N to transistor Ms. A DC biasing sweep effectively changing the overdrive
voltage (V.; — V) Of transistor My and this means that the drain current is influenced greatly
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which in turn affects the voltage gain of the common gate input stage and subsequently the overlall
voltage gain of the circuit.

Fig. 7: DC sweep over biasing voltage of transistor M; from (0.8V - 1V).

Transient analysis were perfomed in simulation for the output voltage swing in time domain
configuration in which a maximum time period of 100 ps was examined. This analysis corresponds
to the frequency response of Fig. (6). The output voltage swing is an indication of how the
transimpedance gain will progress throughout the time domain range. In Fig. (8), This type of
waveform is due to the fact that the signal from input to output faces a series-parallel built-in
parasitic capacitances at high frequencies. These capacitances resist any abrupt change in voltage
across them and therefore a (discontinuous) change in voltage requires an infinite current and that is
physically not possible. As a result and because of this abrupt change in voltage, the current through
these parasitic capacitances changes instantaneously.

Aps filps Blps 100ps 120ps 14lps

Fig. 8: Simulated time domain transient analysis of the oput voltage signal.

Noise Analysis and Results

The noise characteristics of the transimpedance amplifier regarding the noise current spectral
density referred to input or the corresponding reference noise current spectral density are of great
importance for evaluating the sensitivity of the entire front-end optical receiver (Sackinger, 2005),
(\Vanisri and Toumazou, 1995). And also, a TIA sensitivity is constraint by its noise performance.
At high TIA bandwidth, the dominant noise is the thermal noise. Fig. (9) illustrates the noise
equivalent circuit model for the closed loop TIA structure.
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Fig. 9: Noise equivalent model of the proposed TIA.

To derive the total input referred noise current equation, the Kirchhoff voltage law is applied
on the noise equivalent model above according to the general formula (Razavi, 2012):

- roE Cin 5 I:lz, M, + '{:lz, o= r:-:;5- 15
v, = =
ot (Ciu 5 +gmb1 + gmij[rGE Cour = + lj Tes Cour 5 +1 ( :]
The TIA gain of the first input stage common gate general formula is (Razavi, 2012):
Vour [:gml + Hmblj Tes

= (16)
'{iu [gml +£|rmbl + Cin SJ (roECour 5 + 1)

Dividing equation (15) by the TIA gain given by equation (16), it is obtained as:

I —i[ —I—(L—Fl)f (1'})
i - _.J"’f- T
. gml +-gmb1 s Hml +gmb1 "oz

Two important features are deduced from above equation (Meyer and Blauschild, 1986). First,

Transistor M; noise contribution scales in a direct way with input capacitance ¢,, and input
frequency. Second, the noise contributed by r,. towards the input node does rise given that |c,, s| is
comparable to the magnitude of (g,,; + g,.»,) (Razavi, 2012). The total input referred noise

current spectral density can be integrated in which it is computed as a noise voltage divided by the
mid band gain. An integration of the following function for a frequency from 0 to oo is needed.

Cl;i’! - {ﬂﬂ'.]. + Hn;i;j_]: s Cour

7 - +
Tys Cone (2TF ) +1

2 1 ( —(gmy + Gmpy)
s Coue (2WF)2 41

Vi our = z :
mn,out Cin ':zﬂ'f]' + {ﬂﬂ;L + ﬂﬂ;bl]

Ein — 35 Cour ]

1 ] Tos a Fos
"

1 (
= — = = = - -+ —=—= P
Cin — {Qm +£l'r1'.[71.]_ o5 Cour '-"'|'_n{2ﬁf] “+ {QH;L + ﬂ'ﬂ;blj_ s ':'Eurlizn-f]_ +1

N (18)

To deal with the second-order fraction of above equation, (Razavi, 2012).

(=)

4KTRAf KT .
(2rRef)2 +1 ¢ (19)
o
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Decomposing the first and third terms of (18) into partial fractions and carrying out the
integration with the aid of (19), and if the input pole is assumed to be dominant,
1€, Cin-"’l[g?nl + gmbl) > Tos Cout’ then
2 - KT(gmlro5 ¥ + l] EKT[gml +gmb1jgmﬂ Tﬂ:5- ¥
n.out.tot + (20)
Cour Cin
Since for short- channel MOSFETS,
y = 1,itis reasonable to assume that g,_, 7,y > 1.Dividing both sides by = yields the total
input-referred noise current:
2 . KT m1 ¥ ZKT(gmi + Hmbij Yma ¥
[:lz,z':lz,ror o~ + (21)
Tos Cout Cin
9.00E-11
N
E 8.00E-11 : ¢
3 /
< 7.00E-11
5 f
Q
&£ 6.00E-11
=]
: J
g 5.00E-11
..E 4.00E-11
S 3.00E-11 (2GHz 14 pA/ Hy)
£ 1
~ 2.00E-11
1.00E-11
0.00E+00 . . i
1.00E+08 1.00E+09 1.00E+10 1.00E+11
Frequency GHz
Fig. 10: Simulated input-referred noise of proposed TIA.
Table 4: Performance comparison between the proposed TIA and other design works
Input
Technology | Gain | Bandwidth | Power Input Supply Noise
Researchers (CMOS) (dBQ) | (GH2) consumption(W) | Capacitance(fF) voltage(V) | (pA/VHz)
(Rakideh et al., 2016) | 0.18 um 58 8.1 34.8m 300 1.8 15
(Chen et al., 2013) 0.18 um 46 8 31.5m 250 1.8 40
(Taghavi et al., 2015) | 0.13 um 50.1 |7 7.5m 250 15 31.3
(Andre and Jacobus.,
2016) 0.13um 54 115 45m 15 6.8
(Honda etal., 2016) | 0.13um 72 38.4 261 m 3.3 14.8
(Hui etal., 2011) 0.35um 542 |23 58 m 500 3.3 18.8
(Seifouri etal., 2017) | 0.18 um 59 7.9 18 m 300 1.8 23
(Chen etal., 2017) | 0.13um 83.7 |321 150 m 3.3
(Chen and Yang.,
2016) 0.18 um 55-69 |1 6m 1.8 9.33
This Work 2022 65 nm 41 2 0.091 m 100 1 14
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CONCLUSION

In this work, a new topology is reported for the transimpedance amplifier (TIA) for use in
optical fiber application. A TIA with low voltage, high gain, extremely low power consumption and
low noise is designed based on the novel topology of CG_CS stage with NMOS local active
feedback followed by a current mirror stage with a second NMOS local active feedback. The
proposed design is simulated with 1V 65nm CMOS technology. The simulation results show the
transimpedance gain of 41 dBQ with a bandwidth of around 2.0 GHz and photodiode parasitic
capacitance of 100 fF. Average input-referred noise current spectral density is equal to 14 pA/\Hz.
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