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Abstract:

This article discusses@ multi-stage transimpedance amplifier (TIA), which is based on three stages of
a modified inverter strueture. The traditional inverter structure’s performances are improved by
adding two cascoded" transistors._This new structure benefits from elimination of the Miller-
capacitances in comparisonl with the traditional inverters, which can provide higher speed and wider
frequency bandwidth. Manipulating the trade-offs among bandwidth, gain and power consumption
beside using Gn/lp technique, this paper introducessa low-power transimpedance amplifier for high-bit
rates in optical communication receiver systéms. Moreover, active types of inductors are also used to
lessen the occupied area and increase the\frequency bandwidth. Transferring poles of the improved
circuit to higher frequencies mean less required BC current for a fixed bandwidth range, which results

in low-power characteristic.
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1.

Introduction

Growing demands for high data rates in communication systems obliged us to use light as the
fastest signal carrier in integrated communication systems. Optical fibers, of course, are known as the
best. medium for carrying large volumes of data, due to their superior performance in terms of
bandwidthgCrosstalk, electromagnetic interference and channel loss in comparison with conventional
medioms [1]. Besides, in deep-submicron CMOS technologies, the transit frequency has been
increaseddrapidly.. Soy silicon integrated circuits introduce the best technology that can properly
provide acceptable level ofdntegration beside an acceptable speed and cost.

Figure (1), demonstrates the transmitter system, a medium like optical fiber, and the receiver,
all together. The Transimpedance Amplifier (T1A), as the first stage of a receiver system, is the most
critical building block, due to the fact thatiits performance affects the performance of the whole
receiver system.

Travelling from the near-end to the far-end,, the light might experience a considerable
attenuation [1-2]. So, The TIA in the far-end must amplify the produced signal by the photodiode
with low-noise and proper bandwidth, while converting it 10 a voltage signal. This process faces
various difficulties such as the second order effeets.and nonlinearities of using deep sub-micron
technologies, beside the existence of trade-offs among gain, bandwidth, noise, power consumption
and the voltage headroom. Moreover, the photodiode, which converts thednput optical signal to an
electrical current signal, introduces a large parasitic capacitance. in_the input node of the TIA, which
usually forms the dominant pole of the TIA [3-10]. Different structures are introduced in, literature to
compensate the effect of this large parasitic capacitance, among which some ofdhem like Regulated-
Cascode (RGC) structures are well-known [3, 11-13]. Although reported TIAs in [41-13].ebtained
broadband circuits, the usage of passive inductors and resistors occupy a large /area on chip.
Moreover, RGC structures require high voltage-headroom, when high-speed applicationss are .Of
interest. In addition, in [14] a new method is used to convert transistor’s transconductance to

transimpedance instead of using a resistor to do this conversion. Although this method benefits from



further degree of freedom in comparison with previously published structures, the inductors used in
this topology yield large occupied area on chip.

Furthermore, in [15] a m-network is employed as the TIA stage along with a folded-cascode-
based shunt amplifier. Although a high-gain and low-noise structure is achieved in this technique,

high power consumption and using passive inductors are counted as its drawbacks.
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Figd. Introducing TIA in a transmitting and receiving system [1]

Another structure, which is widely used in_designing TIAs, is the inverter [16-20]. In [16], a
three-stage cascade push pull conventional inverter isiused, beside series inductive peaking technigue.
Employing series inductive peaking results in an extended\bandwidth, while occupies large area on
chip. Moreover, in [17], an inverter with a‘diode” connected NMOS and a cascoded PMOS load is
proposed. This structure benefits from a wide dynamiefrange, whose bandwidth is limited to only
227MHz. Also, in [18] a conventional inverter structure is used with an active feedback, which uses
an extra gain stage, while, in [19] a similar structure employs an inverter atits input stage, which is
followed by a 1.5KQ feedback resistor. Of course, impleménting an vintegrated 1.5KCQ resistor
occupies a considerable area on chip. In addition, in [19] a conventional inverter is used as the booster
of an RGC, which isolates the parasitic capacitance of the photodiode, by lowering the input
impedance, while, suffers from the miller capacitance in the inverter stage.

Generally speaking, the conventional structure of the inverter structure suffers from the Miller
capacitance. Let’s take a look at figure (2). Gate-drain capacitance of the PMOS and. gate-drain
capacitance of the NMOS in a conventional inverter, introduce the Miller capacitance; which
extremely limits the speed, data rate, and bandwidth in these structures. This yields the main

drawback of the conventional inverters.



In this paper, in order to omit the miller capacitance in conventional inverter structures, a
cascoded version of the inverter is employed. Moreover, to obtain higher transimpedance gain, three
stages. of the cascoded-inverter is used in series. Furthermore, in order to extend the frequency
bandwidth, active types of inductors are employed, which in comparison with passive inductors save
the chip area.

Also, using«cascoded-inverter results in less DC current passing through the circuit, which
yields less power dissipation. Of course, this less power dissipation is achieved in cost of less output

voltage swing.
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Fig 2. realization of the Miller capacitance in a‘conventional Inverter structure

So, in order to increase the swing, an outputstage is@dded. The output stage, which employs an
active inductor, not only provides proper output swing, but also resonates with the capacitive load and
provides extra frequency bandwidth. Also, in designing the'propased TIA, theigw/Io technique [21-24]
is used to properly extract the ratio of width and length of each transistor in 90nm CMOS technology.
This method provides a clear vision for the designer and hence a useful way to estimate'dimensions of
transistors [24]. As choosing proper dimension is a challenging task in designingdow-power circuits,
the gm/lo method can be very useful for this purpose, since the designer is capable offchoosing the
dimension of transistors in a moderate region, so that a proper trade-off between Speed and the power
can be obtained. The presented circuit in this paper is suitable for low-power, '5Gbps_ optical
communication systems, in which a proper trade-off is maintained for this purpose using gm/lp

technique.



So, the organization of this paper is as so. In section (2), the proposed CI TIA structure is
introduced and its behavior is mathematically discussed. Section (3) deals with extracting the proper
transistor dimensions using gm/lo method. Simulation results and analysis are given in section (4),

while, section (5) gives the noise analysis. Finally, section (6) concludes the paper.

The proposed TI1A

Figure (3-a) demonstrates the proposed transimpedance amplifier building block, while the
circuit schematic of the\proposed TIA is shown in figure (3-b). As it is shown in figure (3-a), a three-
stage cascoded inverter is used in a closed-loop circuit as the first stage of the amplifier. For further
amplification a post amplifier is used emplaying an active type of inductor, which is followed by a
buffer.

The cascoded-inverter structure benefits from the absence of the Miller capacitance, as it is
discussed before. Employing M3 and M4, at the first stage\of the inverter (also M13-M14 at the 2™
stage, and M23-M24 at the 3 stage) avoid a direct connection between the input node and the output
node, so the Miller effect is no longer a restriction..Mareover, combination of M5-M6 (also, M25-
M26) provides an active type of inductor [1,7], which starts to resenatewith the parasitic capacitances
of the nodes outl (and out3) as frequency increases. Hence, a fasterStructure’ with higher data rate and
a wider frequency bandwidth can be obtained. Using M15 as & diode-connected load at node out2,
provides a trade-off between the gain and the bandwidth [16]. M15 acts as the load of the second
inverter stage. Currents produced by M11 and M12 are multiplied by (1/gm15)<@s a resistorand the
output voltage is obtained. Hence the higher the (1/gm15), the more the gain. On theother handpthis
is approximately the output resistance, which forms a pole. Hence the higher the (1/gm15), the less

the bandwidth. And that reveals the trade-off.
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Fig 3. The Proposed TIA, (a) building block, (b) The proposed circuit

By changing the width of M15, the bandwidth at node out2 can be seti These three cascoded-
inverter structures are cascaded in a closed loop. Furthermore, for further amplification a.gain stage is
used employing a diode-connected load, which is followed by buffer stage. The combination of M42
as the diode connected transistor with the buffer forms an active inductor (through the gate-seurce
capacitance of M43), which resonates with the load capacitance and moves the output pole to“higher
frequencies. So, in order to obtain a specified data rate, less DC current is required to pass through the

circuit.



As there will be several stages of limiting amplifiers (LAs) after the TIA stage in an
optical receiver, wide swing outputs are not needed to be obtained at the TIA stage, but they
are'needed to be obtained at the LA stages. That is why most LA stages are differential-based
amplifiers,

As _the 'main challenge in designing TIAs is their dominant pole due to the high parasitic
capacitance of the photodiode, the input resistance in this design is reduced using a proper voltage-
current feeédbacks Hence, the feedback network moves the dominant pole to higher frequencies, as
well. Also, it is worth noting that similar to conventional inverters, the cascoded-inverter base TIA

exhibits less input referred noise, due to the summation of merely two transconductances (gmi+gm2).

0.5nH 250m

(‘V‘V‘\/VV\/

¥ — @y @ = Cpp =250fF 25

T700F

_|

Fig 4. Equivalent circuit of the photodiode

In addition, figure (4) demonstrates the equivalent circuit used asthe photodiode [25, 26].

In order to analyze the proposed circuit, let’s start with analyzing'the transimpedance gain of
the circuit structure. The transconductance of each cascoded-inverter stage isidefinedawith gm, and the
total transconductance of the three-stage cascode-inverter can be defined/as follows:

Gmtotar = Av1 X Ayz X Gz )

In which, A, represents the voltage gain, Gm represents the transconductance of the i
cascoded-inverter stage that are defined as follows:

Gm1 = 9m1 + Imz (2)
Gmz2 = Im11 + Imaz 3)

Gms = Imz1 + Im22 (4)



Where, gm is the transconductance of a MOSFET transistor.

Moreover, the resistance seen at nodes outl and out2 can be defined as follows:

ut1 = U1+ (Gms + Gmp3)T031701 + 763 {1 + (Gma + Impa)Toalroz + 70431 Zp1

®)

@ {1 + (gmaz + Imp13)7013] To11 + 7013} {1 + (Im1a + Gmp1a) 701417012 +

1
Imis

(6)

7‘014}”

e resistance seen at node (outl), r, is the drain-source resistance of a
ulk effectiand Zp; is the impedance of combination M5-M6 as an active

inductor, as follows [1]:

(7

In which, Cg is the gate-sourc OSFET and the active inductor can be

derived from equation (7), as follows:

_ Cgss (
9Ims \dme 9ms

(8)

It is obvious from equation (7), that at low frequenei bination of M5-M6 acts as a

diode-connected transistor, as follows:

1
L Cyss.S+1
. . gs5
limZy, = lim 2me —— = — 9)
5-0 520 Ims+Cgss.S 9ms

So, without considering the feedback network Rous can be written as fol

Routz = {[1 + (Gmz3 + Imp23)T02317021 + o233 I + (Gm24 + Guib24)7 +
To2431Zp2 (
In which:
1 Cosps.S+1
Zpy = [ P 11)

9mzs51+Cgs2s - S



By considering equation (7) and (9) and considering the fact that the feedback network is

sampling the voltage at node out3, and also considering that [1 + (gm3 + Gmp3)To3l701 + o3 >
L g and [1+ (gins + Gmpa)ToalTor + 1os > 1/, equations (5), (6) and (10) at low frequencies

can be simplified as follows:

Routl =~ g_ms (12)
1
Routz ~ Imis (13)
1
Routs = (14)

1
9mzs <1+ E AZ,TCI)

Where Ry represents the_feedback network and A r¢; represents the transimpedance gain of
the Three-stage Cascoded-Inverter (TCI) stage.
Moreover, the gain‘of.thescommon source (CS) amplifier as the post amplifier can be written

as follows:

1

Ayles = Gmaa- maa (15)

And for the gain of the buffer stage; it.can bedvritten as follows:

_ Ima3 Ry
AV,Buffer - 1+(Gmaz+Gmbaz)RL (16)

Furthermore, as the dominant pole is usually formed at the input node of the TIAs, it is vital to
reduce the input resistance to compensate the effect of the“lafge parasitic capacitance of the
photodiode. So, here a proper feedback structure is used, which reddcesithe input resistance of the

proposed TIA. Hence, the input resistance of the proposed circuit structure can be written as follows:

R
R, r=—f 1 17
in,f 1+ é (AZ,TCI) ( )

And for the output node it can be written as follows:

Rout = ————— IRy (18)

Imazt9Imba3
While for the input and output capacitances it can be written as follows:
Cin = Cpg + Cgsl + Cgsz + ngl + ngz (19)

Cout = C + Cgs43 + ng4—3 (20)



In which Cpq is the parasitic capacitance of the photodiode, Cy is the gate-drain parasitic
capacitance, Cgy, is the gate-bulk parasitic capacitance of a MOSFET and C. is the load capacitance.
As Cpq is relatively large, Cin can be approximated to be equal to Cey.

Moreover, for the parasitic capacitances at outl, out2 and out3, it can be written as follows:

Cout1 =Lgs11 T Cga11 + Cgs12 + Cga1z + Cags + Cgs6 + Cass + Caga + Cagz + Cgez + Cysy
(21)

Gourar= Cys21 + Cgsaz + Cgaz1 + Cgazz + Cas1s + Cagiz + Cagra + Cas13 + Cas1a - (22)

Coutz = Cgsar™® Cgazs + Casos + Cgsz6 + Cagaz + Cagaa + Casoz + Casoa (23)
Where, Cqyq is thedrain-gate capacitance of a MOSFET.
So, by considering the above mentioned facts, the transfer function of the three stage cascoded-

inverter (TCI), which consists of six poles andione zero, can be written as follows:

AV,TCI =G m1- Gz Gms- Rout1- Rourz Routs

c
gsa3
. X .
Ay T 9 gm41(9m42 S+1> 9mas-Ry,

1
1+Ay ey I b

Az(s) = Azrcr X Ay post atnp. = (24)

Where the denominator is equal to:
D=1+ CiuRin.S)(A + Coyr1R0ut15)(1 + CoyeaRour2S) (1 + Cout3Rout35)(gm43 +
Cgs435)[1 + (Gmas + GmpazdRLIC + LoutRy-S) (25)
Where the dimension of A r¢; is Ohm and the Ay post amgJS NoRsdimensional, hence Az(s) is

defined according to Ohm.

The poles and the only zero of the CI-TIA are listed as follows:

S = — g (26)
Cgs43
1 dms
=—— 1 ~_ Im 27
SZ Cout1Rout1 Cout1 ( )
Sy =— 1 ~ — 9mis (28)

Cout2Rout2 Cout2



1
1 gm25<1+ _AZ,TCI>

Sy =— ~— i (29)

CoutaRouts Couts

1+ (Azrcr)
—__r o __R"
55 N CinRin - Rf (Cpa) (30)
1
56 a CoutRyL (31)
Z1 — _9maz (32)
Cgsa3

Si1, S, Sz and S4 are not in operational frequency range of the TIA, due to their significantly
small capacitance. Z; is/set to resonateCwith Se¢ and to compensate its effect. So, by a good
approximation the transfer function of the proposed TIA can be written as a first order function.

Hence, for the frequency bandwidth of the propdsed TIA, it can be approximately written as follows:

1
1+ Rr Azrcr

fzaB® —— = (33)

2n.CpaeRy

In the next section, designing the proposed TIA structure with gm/lo technique is given.

3- gm/la Technique

Designing Nano-meter CMOS circuits according to the “square-Ilaw” equation,is inaccurate
and requires lots of iterations in simulators to obtain proper results. gm/lo technique makes it possible
to change the design variables from transistor dimensions (length and width) to the A7alue of drain

current and values of gw/lo parameters.

The gw/lo characteristic curve for NMOS and PMOS are generated for 90nm«@CMQ@S
technology, which is shown in figure (5). Figure (5) demonstrates the relationship betwigen the
transconductance and the normalized current (1), in which 1,.=1o/(W/L), while, both axes in figure (5)

are independent of transistor dimensions.



As it is required to obtain a proper bandwidth beside an adequate gain, most of the transistors
are chosen to be in moderate, except those which are supposed to operate in triode region such as M6
anddM26. Three stages of the inverter (M1, M2, M11, M22, M21, M22) are supposed to provide gain,
with high data rates, so a small gn/lp is assigned for them in moderate inversion. The PMOS M4, M14
and M24 are used as cascoded structures to isolate the Miller capacitance of conventional structures as
discussed before, they are assigned to operate at strong inversion, while NMOS M3, M13 and M23
are used to ebtain gainiand speed, and so moderate inversion is chosen for them.

Table (1), provides the_operation region and DC current budget for each transistor. Moreover,
as M6 and M26_are"supposed to operate in deep triode region as resistors and no current is supposed
to pass through gates of M15fand M25, the small rate of 10 is chosen for (W/L)1s and (W/L)2s, So,
after choosing the value of gn/lp, I cah be@xtracted from figure (5) and so by assigning a DC current
budget for each branch, the W/L ratio for eachtransistor can be obtained. It is assumed that in order to
obtain a 2.5mW power consumptien using 1\Vsupply, 2500pA must be divided into the 5 existing

branches, which yields 500uA DC current (Io) passing through each branch.
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Fig 5. The extracted gm/lp curve for 90nm CMOS technology



Table 1. Extracting W/L using gm/lp

No. of Type of Type of 4Valueof  DC current Normalized w
Transistor  Transistor . laversion On/lp Budget (Ip) Current (Iy) L
M1 NMOS Moderaté 10 500pA 7.5nA 66
M2 PMOS Moderate 5 500pA 5.6HA 88
M3 NMOS Moderate 15 250pA 2.3uA 88
M4 PMOS Strong 1 250pA 37.8uA 6
M5 NMOS Moderate 16 250pA 2.25pA 16
M11 NMOS Moderate 10 500pA 7.5nA 66
M12 PMOS Moderate 5 500pA 5.6uA 88
M13 NMOS Moderate 15 250pA 2.3uA 88
M14 PMOS Strong 1 250pA 37T8UA 6
M15 NMOS Moderate 16 250pA 2.25pA 100
M21 NMOS Moderate 10 500pA 7.5nA 66
M22 PMOS Moderate 5 500pA 5.6uA 88
M23 NMOS Moderate 15 250pA 2.34A 88
M24 PMOS Strong 1 250pA 37.8uA 6
M25 NMOS Moderate 16 250pA 2.25puA 111
M41 NMOS Moderate 16 500pA 2.5uA 200
M42 PMOS Moderate 5 500pA 5.6pA 88
M43 NMOS Moderate 16 500pA 2.25pA 222

4- Simulation Results



To verify the suitable performance of the proposed CI-TIA using obtained dimensions in the
previous section, the proposed circuit is simulated using 90nm CMOS technology parameters. Results
for«frequency response is shown in figure (6-a). As it can be seen, simulations show the
transimpedance gain of 42.3dBQ and the bandwidth of 3.47GHz. Moreover, the circuit consumes
2.7mW using 2V supply, which is relatively close to the targeted 2.5mW power, discussed in previous
sectiond’As it can be seen in figure (6-a), a peaking of about 1.3dB has occurred at high frequencies,
which proves the proper performance of the active inductor. Moreover, figure (6-b) shows the phase
response of the/TIA starts from +180°, which yields the existence of a zero before the dominant pole
in the transferfunction of the TIA. As there will be several stages of limiting amplifiers (LAs) after
the TIA stage in an optical receiver,the overall peaking of the receiver system will be considerably
reduced.

Furthermore, the eye diagram of the/CI-TIA is simulated using a 150pA input signal with NRZ
PRBS23. The eye diagram is shown in different'nodes of outl, out2, out3 and the output of the TIA
(outd) in figure (7). As it can be seen indfigure (7), a bias voltage of about 420mV to 430mV is upon
nodes outl, out2 and out3. The eye is opened about$mV at outl, about 10mV at out2, 20mV at out3

and about 25mV at output of the TIA.
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In addition, MONTECARLO analysis (process analysis) is done in order to analyze the
fabrication process. Figure (8-a) demonstrates the MONTECARLO for 200 runs over frequency
response, while the variation of transimpedance gain in fabrication process is shown in figure (8-b),
which shows the mean value of 40.7dB and standard deviation of 0.74dB.

Furthermore, as the input resistance (Ri) of the TIA is an effective factor in frequency
bandwidth of the TIA, the input resistance and magnitude of input impedance of the proposed TIA
over frequenCy,is shown in figure (9). As it can be seen, the value of Ri, is equal to 183Q at low

frequencies, while decreases to 55.4Q at -3dB frequency bandwidth.
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Fig 8. MonteCarlo Analysis‘over (a) frequency response (b) transimpedance gain

Additionally, it is worth analyzing
TIA. As it was discussed before, the prope
reduces the input resistance. So, figure (10) compare
without the feedback network. As it can be seen in figur
TIA is 5.5 times greater than the closed-loop CI-TIA.

Additionally, the effect of %10 supply voltage variations onfreque is analyzed and

the results are shown in figure (11). Table (2) summarizes this effect on the v andwidth,

ults in a

transimpedance gain and the maximum peaking. As it can be concluded, i
small increase in the value of gain, while significantly decreases the fre C ndwi

Furthermore, less peaking on frequency response comes with an increased Vop.
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Table 2 Supply voltage variations on Gain, bandwidth and maximum peaking

0:9Vopp VDD 1.1Voo

Gain (dBQ) 42.02 42.3 42.33

Bandwidth 3.96GHz | 3.47GH2.| 2.82GHz

Max. Peaking 1.4dB 1.3dB 1.2dB




44.0 -

Via23s8 GG il (16251943897 T e

430 {f.-. A

I~
it
L=

Gain (dB ohm)

44075 L ,
: (3.7050, 39.352

: D1 (3i44079; 39,258
4004}------- ~ S ' ]

| | (814409, 30.008) | {i|

39-0_| T T IIIIII| T T IIIIII| T T IIIIII| T T IIIIII| T
100.0k 1meg 10meg 100meg 1g 10g
Frequency (Hz)

Fig 12. Temperature variations Vs. frequency response

Table 3 Temperature variations‘on maximum peaking, Gain and Bandwidth

-100°C 0°C +100°C

Gain (dBQ) 4285 | 4225 | 42.95

Bandwidth 3.70GHz {/8.44GHz | 3.14GHz

Max. Peaking 1.54dB | 1.33dBg"1.15dB

Moreover, the maximum peaking variations, frequency bandwidth,yand transimpedance gain,
according to temperature variations from -100°C to +100°C are analyzed and shown-in, figure (12).
Table (3) analysis this effect numerically. As in table (3), 200°C temperature variations results in only
0.6dB variation, while the bandwidth varies for 560MHz. Furthermore, it is shown that the-height,of

peaking increases at lower temperatures.

5- Noise Analysis



The noise source of for each transistor is modeled with a current source in parallel, as it is
shown in figure (13), to analyze the noise performance of the proposed CI-TIA.

For a simpler analysis, three equivalent noise sources in the building block of the TIA are
shown asin figure (14): in the feedback network, core of the TIA [1] and in the second amplifier

stage. So, the equivalent input noise value for the proposed TIA structure can be written as follows

[1]:
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Fig 13. Demonstration of noise'sources in the CI-TIA
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In which A,y is the gain of the

=

age cascoded-inverter.

it can be said thatM T ”C"”. So,

As the magnitude of 4 isr
g ) Az TCI(s) | Ry f

equation (34) can be simplified to:

(35)
For the noise of the first stage of the cascode er it can be written as follows:
Viouer = In ouer X IR (36)
Same thing can be written for the 2" and the 3" stage, as
Vioutz = I outz X |Routz (37)
Viouts = I outs X [Rouesl” (38)

Where,
1121 outl — 4‘kTy(gm1 + gmz)

12 gutz = 4kTy (Gm11 + Gm1z2)

(
Irzl outs = AkTY(Gm21 + Gmz22) {@



In which k refers to the Boltzmann constant and y refers to the channel noise factor of a
MOSFET.

By neglecting the channel length modulation for M3 and M4 (and also for M13-M14 and M23,
M24 as well) it can be said that as these transistors are operating as cascode-stages, the same amount
of current will, leave the drain terminal, that enters the source terminal, and so it can be written
Inyz = 1Tqmz anddy, va = I 4 [27]. Hence, the thermal noise of M3, M4, M13, M14, M23 and M24
can be neglected. So, it can be said that the noise of the cascoded-inverter TIA is approximately equal
to the conventional inverter structure.

In order tescalculatedthe input referred noise of the TIA, it can be written as follows:

2 2
Vn,outl Vn,outz

+
2 2
(gm1 * Im2)- Routa (Gm1 + Im2)-Routs I( + ).R |2
1+ Cin. Rip. s 1+ Cin.Rin.s gm11 T Gm12)-Koutz

2
Vn,core =

2
Vn,out3

(Gm1 + Im2)- Rouea
1 + Cin'Rin'S

2
|(gm11 + gmlz)- Rout2|2|(9m21 + gmzz)- Rout3|2

(42)

The poles at nodes out2 and out3 were neglected for simplicity.

As (%)1 - (K)11 = (K)21 and (ﬂ)2 = (Y)12 = (K)ZS, equation (42) can be simplified due

L L L L L

to the faCt that gml = gmll = ngl and ng = gle = ngZ! as fO||OWS

V2 V2 V2
VZ ~ n,outl n,out2 + n,out3 (43)
n,core = 2 2 6
| @@m1+9m2)-Rout1| [(9m1+9m2)?Rout1| IR 2 (J;ml"'ng)z IR g1 -Routz-Routs|?
|7 1+CinRins | | 14CipRips | ' TOUL2 [14Cipn-Rins|

Hence by putting equations (36) to (41) into equation (43), it can be obtained.as follows:

4KTy 1 1 2

VZiore ~ 1+ + | 1+ 68 Ri.5) =
n.core (Gm1tImz2) Rout12(9m1+gm2)2 (Gm1+Im2)* |Rout1-Rout2-1? ( s )

4kTy [ 1 n 1 ] n 16m2kTy 1
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1 ] 2p 272
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Fig 15. Output.and Input referred noise of the CI-TIA

So, the value of white noise and the colored noise is specified as in (44).

As it can be concluded from equation (43) that the noise of the third stage is negligible in
comparison with the noise of the first stage, so the main thermalmoise for the TIA is produced in the
first stage.

Hence, the total input referred noise of the proposed cascoded-inverter TIA'is simulated, which
shows 2.052uAms@3.981GHz (32.5pA/\NHz) input referred noise. The noise isSithulated over
frequency and the result is shown in figure (15). As it is obvious in figure (15)¢'the input neise value
of the proposed TIA circuit at low frequencies is equal to 43.7pA/NHz, while at -3dB freqUencyuis
reduces approximately to 24.9pA/NHz.

Moreover, the post-layout simulation is done for the proposed CI-TIA to examine the'parasitic
effects in high frequencies. Figure (16) and figure (17) demonstrate the layout and a comparison
between the pre- and post-layout simulations, respectively. The results do not show a considerablée

difference in the operating frequency, due to the fact that 3.45GHz is not that high for parasitic



behaviors in 90nm CMOS technology to ruin the performance of the TIA. But, as it can be seen, for

higher frequencies, parasitic behaviors start to lessen the frequency bandwidth.

Table (4), provides a summary performance and compares the parameters of the proposed TIA
circuit with,other reported designs. As the main objective of this work is to obtain a low-power TIA
using gm/lotheypower consumption value of the proposed TIA is shown to be significantly less than
otherafeported designs. In comparison with [32], the bandwidth is 2.6 times less than that reported in
[32], due to the fact that the parasitic capacitance of the photodiode in the proposed TIA is 2.5 times
larger than that reported in[32]. The gain value of [32] is much higher than the proposed TIA, which
results in less input referred noise. But, the proposed TIA consumes 26 times less power, which
results in an overall better performance according to the FOMs, defined as follows. Moreover, in
comparison with [29], 145 times less power, consumption is achieved in cost of less bandwidth and
gain. Of course, the parasitic capacitance of the photodiode in [29] is less than the proposed design.
Generally speaking, the proposed TIA provides better performance according to the following defined
FOMs. Also, in comparison with [15],<reference [15] shows a better FOM using larger technology,
but as the focus is on the power consumption of this'work, the power dissipation of the proposed TIA
is considerably (about 13 times) less than that reporteddin [15]. Also, as our design does not use
passive elements (inductors) and employs smaller technologies, the.accupied chip area is considerably
low. Moreover, in comparison with our previous work [9], a slightly highér gain and slightly less
noise is obtained in cost of less bandwidth and slightly higher power-consumption. When it comes to
a comparison between this work with the one in [35], [35] presents a/Regulated Cascode (RGC)
structure as a TIA, while we have presented an improved inverter structure asq@ TIA. In terms of
noise, no direct noise is added to the input node of our circuit, while M6 and M7 in_|85] add.direct
noise into the input node, which is a main drawback. In terms of the use of the cascoded inverter, [35]
used the cascoded inverter as the booster amplifier in a RGC structure to reduce the input resistance;
whose operating point is limited, and resulted in limited dynamic range according to theqvertical
opening of the eye-diagram. So, its application is limited. However, in order to provide a fair

comparison, two Figure of Merits (FOMs) [30] are defined in table (4), as follows:



Gain X BW. Q.GHz

FOM1 = =222 (S0

B.W.[GHZ]X Gain[Q]XCin[pF]

Fomz = In.Ref.Noise[(\/pTiz)] XP[mWwW]
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Fig 16. Layout.of the proposed CI-TIA

Table 4 Performance summary and comparison‘with other reported designs

N

]

)

)
by
| =

N

]
]
)
’
:

This
[5] [34] [15] [28] [29] [31] [32] [9] Work
Technology 0.35um
(CMOS) 0.35um 90 0.18um 0.18um 0.13pum 0.18um BICMOS 90nm 90nm
Gain(dBQ) 54.2 41 58 46 54 55 57.9 41 42.3
Bandwidth (GHz) 2.3 3.3 8.1 8 U5 8.1 9 6.5 3.47
Data rate (Gb/s) 3.125 5 10 4.25 10 10 10 10 5
Power 58m 5.8 34.8m 31.5m 45m 39.2m 71m 1.67 2.7m
Consumption (W)
Cpd (fF) 500 250 300 250 - 200 100 250 250
Supply Voltage 3.3 1 18 18 15 18 33 1 1
V)
Input referred
noise(pAAHz) 18.8 14.47 15 40 6.8 16.1 111 334 325
Nq. of passive 0 ) ) ) ) 0 0 0 0
inductors
FoM1 20 63 184.8 50.6 128 128 98.7 436 167
FoM2 0.53 1.09 3.69 0.31 - 1.6 0.89 3.25 13
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Fig 17. Comparison of pre- and post-layout simulation

6- Conclusions

A cascoded-inverter-based TIA for low-power applications'is proposed in this paper, which
employs gn/lp technique to determine the transistor dimensions and benefits from the lack of Miller
capacitances in comparison with the conventional inverters. So, three stages«of a cascoded-inverter-
based structure are used as a TIA for optical communication systems employing active type"of
inductors to obtain wide bandwidth, while, occupies a small chip area in comparison with using
passive inductors. Hence, poles are moved to higher frequencies and a 5Gb/s data rate is achieved
consuming less power. Simulation results indicate that the proposed TIA operates suitably as‘alow-

power, 5Gbps optical communication receiver system.
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