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ABSTRACT

A current-mirror based transimpedance amplifier with inductor feedback simulation is
reported. A 90 nm channel length process technology was simulated using N-MOSFET and P-
MOSFET transistors. A transimpedance gain of 43.92 dBQ was achieved with a bandwidth of 10
GHz (from 5 GHz to 15 GHz). The whole process was simulated using 1V DC supply voltage.
From simulated data, pole frequency was found to be around 19.25 GHz. At 35 °C, the
transimpedance amplifier circuit was simulated and it was found that the input referred noise
current of the circuit is 14.14 pA/\NHz at 5 GHz, 10 pA/NHz at 10 GHz and 16.32 pA/NHz at 15
GHz to cover the entire bandwidth of the circuit.

Keywords: Optical Preamplifier, Front-End Preamplifier, Optical receiver, Transimpedance
Amplifier.

INTRODUCTION
Many challenges in Giga-bit-per-second (Gbps) fiber optic applications remain unresolved
despite considerable advances in high speed electronics. The need for low power, low cost and
highly efficient receiver transimpedance (TIA) devices is ever more intense. Current mirror
research work is considered one of the useful tools in achieving considerable transimpedance gain.
In the last year, a low power current-mirror based TIA for 10 Gbps was achieved with TIA gain of

40.5 dBQ with f_545 bandwidth of 7 GHz and power consumption of 1.4 mW at 1V supply

(Zohoori et al., 2018) . A 9 GHz bandwidth with 50 dBQ TIA gain was achieved using Regulated
Cascode (RGC) configuration with T-matching coil network (Seifouri et al., 2015). A push-pull
inverter with a feedback resistor was investigated and in a later stage a coil was added in series with
the feedback resistor and in this work a TIA gain of 50.8 dBQ was reached with a bandwidth of 7.9
GHz (Salhi et al., 2017). An inductorless 10 Gb/s TIA using the configuration of push-pull current
mirror was achieved with a TIA gain of 57.5 dBQ and 6.6 GHz bandwidth (Hassan and
Zimmermann, 2012). A transimpedance amplifier with current mirror load was investigated in
which a bandwidth of 1.05 GHz with a TIA gain of 64.5 dBQ was realized (Atef, 2014).

In this work, a highly extended TIA bandwidth is simulated using Microwave Office 2001
Software (www.ni.com) with considerable TIA gain using current mirror based transimpedance
amplifier.

Transimpedance Gain Derivation:

The proposed current mirror transimpedance amplifier (T1A) circuit is shown in Figure 1. TIA
gain derivation can be defined according to Mason's Rule (Mason and Zimmermann, 1960) as
illustrated in Figure 2 following a Signal Flow Graph representation. This circuit topology has
significant development over previous work (Phang, 2001) and (Phang and Johns, 2001) as it will
be seen later. That is in addition to already reported research (Zohoori et al., 2018) and (Hassan
and Zimmermann, 2012). As it can be seen from circuit in Fig. (1) that there is an output to input
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direct feedback starting from a common-gate input configuration and ending up with a common-
source output.

A current-mirror involves transistors M, and Mg is biased via the output (drain) of Transistor
M;. The input current generated by the photodiode is given as Ipp.
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Fig. 1: The proposed transimpedance amplifier circuit.

At current gain of one, the principle of current mirror configuration is applied in which bias
current at input stage is a mirror of bias current at output stage. That is because once gate-source
voltage is fixed for transistors M, and Mg, the drain current of each transistor is considered to be a
mirror for the other transistor drain current.

The general formula for the transimpedance gain follows the Mason's rule (Mason and
Zimmermann , 1960):

V, P A
Four (5] = o

i

In the proposed TIA circuit and according to signal flow graph in Fig. (2), A;= 1 and that is
due to the fact that there is no feedback loop (i.e. loops L; , L, and L are not touching the kg
forward signal path). However, A= 1 — (L; + L, + L3) in which there is no sum of loops

products, but only summation of individual loops subtracted from one. Therefore, Equation (1)
becomes:

Py
1—(L,+ Lo+ Lg)

Vour |
— 5 fd
iin ( )

)



Low Noise with Wide Band Transimpedance...................... 73

1
¢S
Ly
—{gml + 951)
. e Ny Om +g-s N SCOH.
i gImil 9 6—*’-1‘}?3; O OV ous
- . m3+——
Y:'nl Vin Yy sLf (—+ Y:_)
L SLf
2
—Im2

Fig. 2: Signal Flow Graph representation of the proposed TIA model

Working out P, as the ky, forward path of signal transmission as in Equation 3 and according
to Fig.(2). Indicating § = jw which follows Laplace transformation:

Pl _ _Hma(.grrlu"'ﬁnj 3)
Yz'nlf’.h.r(ﬁﬂl)
Considering that g, is the transconductance of transistor M3 , g,,11S the transconductance of
transistor M; and g.4 is the conductance of the source at transistor M;. ¥, is the input admittance
of the proposed TIA circuit and is expressed as:
Y., = sC;,, for which:

Cin = Cpp + Cgsl + Cap2 4)

Cpp is the photodiode capacitance, Cgﬂis the gate-source capacitance of transistor M; and Cgy,5 i

the drain-bulk capacitance of transistor My, for which C;,, is the circuit input capacitance.
The admittance of node N is expressed as ¥y, = sC; in which:

Cy = Capa + Capy + Gy + Cyqq )
Cap4 s the drain-bulk capacitance of transistor M, Cgﬂ is the gate-source capacitance of transistor
M, and Cgsg is the gate-source capacitance of transistor Ms. L f is the feedback coil inductance

which was taken equals to 2.4 nH. The term .S‘Lf represents the feedback inductive reactance and

1
therefore, the term . is the feedback system frequency dependent admittance.

f
Loops equations are given according to Figure 2 as follows:
_ —(gmi+gs.)
L o ¥in (6)
L. = —gmz gmi+gs ) (7)
, =
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By substituting Equations (3), (6), (7) and (8) in equation (1), the TIA gain is derived as:
0|~ [
lin I:Sj s 5% +0g 5% +a- 5% +a, 5+, 9)

A pole zero can be found by equating the numerator —g,,,3 st to zero, in which s = 0. In Equation

(9), i;, corresponds to lpp of proposed TIA circuit in Fig.(1). The denominator root coefficients
are expressed as:

CEHENELL}'
q, — SnowClr 10
* (gmi+gs,) (10)
a; = CyCyLy (11)
CinCn
0y = (22 (14 g,0) + gl C) (12
2 {Hmj_‘l'ﬂ'gj_]:: Imz) + Gmz fle)  (12)
a; = Cy (13)
Ay = Gmz (14)
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Fig. 3: Transimpedance gain simulated as Vout/lpp Versus frequency of the proposed circuit
with 4™ order fitting indicated.
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Fig. 4: Simulated transimpedance gain in (dBQ) versus frequency of the proposed circuit with
4™ order fitting indicated.

It is clear from Equation (9) and the subsequent Equations (10 — 14) that the TIA gain depends
in proportional relationship on (g1 + gs1), While it is inversely proportional with all

capacitances in Equations (10 -13) and that includes the most important parasitic capacitance C;,,.
Reducing circuit input capacitance (;,, might be a great technical challenge and so as other

capacitances. However, raising transconductance g,,,; may be a good way for further improvement

of TIA gain, although it may well be at the expense of circuit bandwidth for what is called a trade-
off relationship between gain and bandwidth.

Simulated TIA gain of circuit proposed is shown in Fig. (3). It exhibits a transimpedance gain
of around 150, meaning that Voyr is 150 times lpp. That is within the bandwidth of 10 GHz
(between 5 — 15 GHz).

Given that input current Ipp is simulated at 100 pA, the output voltage Vout was obtained to
be 15 mV. The general formula of Equation (9) may differ in results between different process
technologies. Present research work is based on 90 nm process in which the N-MOSFET transistors
M, M2, M3 are configured for an "Aspect Ratio" (W/L) of (5um/90nm), while P-MOSFET current
source transistor My, is configured for (0.9um/90nm) and P-MOSFET current source transistor Mgy,
is configured the same as the N-MOSFET transistors. The transimpedance gain direct simulation
values are taken from the simulated measurement of V oyt divided by Ipp as in Fig.(3).

A transformation of TIA gain can be achieved in dBQ units by taking 20 log (Vout/lpp) of
data in Fig. (3) to be in line with standard research work. A transimpedance gain of 43.92 dBQ is
obtained within the near flat bandwidth (BW) between 5 GHz to 15 GHz as in Fig.(4).

It was found that a near flat bandwidth (BW) of 10 GHz between (5 GHz to 15 GHz)
according to simulated data of Figure 4. The fourth order polynomial fitting of Figure 4 suggests
that the fourth order polynomial terms of Equation (9) are in good agreement with simulated

transimpedance gain. A pole frequency (f;,) of 19.25 GHz is achieved indicating the endpoint of the

bandwidth within the frequency response of Fig. (4).
Output Impedance:
A small signal model from the output point of view for the proposed circuit is illustrated in

Fig. (5). By placing an ac source named V. at the output with current named i,. then the output
impedance R, (frequency dependent) can be established. For the purpose of this calculation,
input sources are short circuited according to Thevenin Theorem.
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From the small signal analysis of Fig. (5) and by using Kirchhoff's Current Law (KCL), it is
obtained that:

| e— |
N ¥y
(l) miVa
i
sL X
f X 2
de

Q. Im2Vy Cl GmzVy v,

Fig. 5: Small signal model for output impedance derivation.

VeV .
=i, =V (15)
f
while from opposite direction:
Va—V
% = —Gm2Vy (16)
f
and therefore
Ly = Om2Vy + GmaV (17)
when V, = 0 (virtual ground),
V. .
S_; =1y — O9ma I'FN (18)
V.
i = Im2Vy (19)
then,
V.= SLf.gma Vy (20)
By dividing V.. by i,., the output impedance of the proposed circuit in Fig. (1) is derived as:
V. shram=Vn slifms
out Iy  ImzVntdmaVv  ImztIma 21)
S‘L_f
Rout = Fﬁ (22)
gmz
The term 222 represents the current mirror gain of the circuit and it is obvious from Equation

Gmz
(22) that the output impedance of the circuit depends on frequency in a linear manner. Therefore, it
is linearly proportional to the inductive reactance of the coil, while it is inversely proportional to
current mirror gain. At low frequencies, the output impedance will reduce significantly, while at
high frequencies, it looks like it will rise dramatically, however, that will also depends on the state
of the current mirror gain. The importance of output impedance comes from the fact that if the
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output of the TIA circuit is connected to a next stage, the output impedance must match the input
impedance of the next stage.
Noise Optimization:

To optimize the TIA circuit in terms of noise, the dominant thermal noise is taken into account
in which each transistor is mainly considered as a source of noise due to its temperature increase via
circuit bias DC current. This optimization involves seeing each input signal as it is mixed with the
thermal noise at its input in what is defined as an input-referred current noise. This kind of noise is
represented at drain of transistors. At 35 °C, the TIA circuit was run and it was found that the input
referred noise current of the circuit is 14.14 pA/NHz at 5 GHz, 10 pA/NHz at 10 GHz and 16.32
pA/AHz at 15 GHz to cover the entire bandwidth of the circuit.

The above statement is in agreement with the concept that thermal noise should cover the
entire bandwidth (i.e. per unit bandwidth) (Razavi, 2012). Following on the TIA circuit of Fig. (1),
the drain of transistor M; is considered the main thermal noise point as it is connected with the gate
of current mirror transistors M, and M3 for which the thermal noise will appear at their drains.
Given the fact that the drain of transistor M3 is connected with the circuit output, therefore, a
portion of that noise will be fed back through coil L back to the input which is the point as the drain
of transistor M,. Hence, the terminology of input referred noise meaning that the thermal noise is
missed with the main signal. Fig. (6) illustrates the input referred current noise.
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Fig. 6: Input referred noise current versus frequency of input signal

CONCLUSION

A comprehensive simulation of current-mirror based transimpedance amplifier has been
achieved. The feedback system simulation resulted in a transimpedance gain of 43.92 dBQ for a flat
bandwidth of 10 GHz within the range of (5 GHz — 10 GHz). A pole frequency of 19.25 GHz
showed the endpoint of the bandwidth flat response. The purpose of this work was to achieve a
considerable TIA gain at maximum flat bandwidth, however, a low input referred noise current was
reached for which 14.14 pA/NHz at 5 GHz, 10 pA/NHz at 10 GHz and 16.32 pA/NHz at 15 GHz to
cover the entire bandwidth of the circuit.

REFERENCES
Atef, M. (2014). "High Gain Transimpedance Amplifier with Current Mirror Load", MIXDES
2014, 21% International Conference "Mixed Design of Integrated Circuits and Systems",
Lublin, Poland.



78 Muhammed S. H. Alsheikhjader

Hassan, M.; Zimmermann, H. (2012). "A 10Gb/s Inductor Less Push Pull Current Mirror
Transimpedance Amplifier”. 19" IEEE International Conference on Electronics, Circuits,
and Systems (ICECS), Seville, Spain.

Mason, J.; Zimmermann, H. J. (1960). "Electronic Circuits, Signals and Systems". J. Wiley and
Sons Inc., New York, Chapter 5.

Phang, K. (2001). CMOS optical preamplifier design using graphical circuit analysis. Ph.D Thesis,
Department of Electrical and Computer Engineering, University of Torornto, Canada.

Phang, K.; Johns, D. (2001). "A 1V 1mW CMOS Front-end with on-chip Dynamic Gate Biasing
for 4 75Mb/s Optical Receiver". 2001 IEEE International Solid-State Circuits Conference.
Digest of Technical Papers. ISSCC. San Francisco, USA.

Razavi, B., (2012). "Design of Integrated Circuits for Optical Communications". John Wiley &
Sons Inc. Publication, 2™ ed, 62 p.

Salhi, S.; Escid, H.; Slimane, A. (2017). 7" Seminar on Detection Systems: Architectures and
Technologies (DAT), IEEE, February 20-22, Algiers, Algeria.

Seifouri, M.; Amiri, P.; Rakide, M. (2015). Design of broadband transimpedanc amplifier for
optical communication systems. Elsevier Ltd., Microelectronics J., 45, 679-684.

Zohoori, S.; Dolatshahi, M.; Pourahmadi, M.; Hajisafari, M. (2018). "A CMOS low-power current-
mirror-based transimpedance amplifier for 10 Gbps optical communications". Elsevier
Ltd., Microelectronics J., 80, 18-27.

bl A pead) LYY cilidat B Ay ) Aajadly Aladdial) pliagaal) 53 Adud) dadleal) e

Ladlall
Az g ) B i Cale ga Ll 3l DA (e el il Axilaall Sl gy ulall dadeil) cucs
ey il niladll S ey e Jsemndl 5P iy N s Casage il Sizagili 90 sl Joha A A
o Andall dee Jona (i 1SS 15 I 5n 1SS 5 () o 1SS 10 0% dain e e o) dis 43.93
3p S8 19.25 sgaay IS (53lls Cilalaall Aaded e ) 0355 ala) 5Ll 1 aylia Bycivne Al jhan alasiuly
8 55 JAdl dmnge sliasn L5 ol 2y 8, (Gamali) 35 8 daye e ) diladdl o 50 dadai
16.32 5 5o 1SS 10 225 e o Jia IS el €010 5 58 SS5 05 xie o i U9 sl Sy 14.14
S5 L e Jame i 5 1SS 15 035 sie S s JS) el S

i) Gasleall e cgpnan aliv cgals — Auled S 5Sa (gpadl SN LS AN clalg)



