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Abstract

This thesis discusses two implementations for high-bandwidth low-noise transimpedance amplifiers.
These techniques are designed for a common source TIA without using inductors in standard CMOS.

The two techniques proposed in this thesis are: noise cancelling and bandwidth extension. The noise
cancelling technique uses the fact that at some point inside the feedback resistance a virtual ground
for the input current is located, while at this node a part of the noise of the TTA is present. This node
is used to cancel the noise of the TIA.

The second technique, the bandwidth extension, uses a controlled current source to increase the TIA
bandwidth. This controlled current source both increases the loop gain without decreasing the tran-
simpedance gain and decreasing the noise up to the TIA bandwidth.
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Chapter 1

Introduction

Since the computer took its place in the modern society the need of faster computers and connectivity
is only growing. The connection between computers became more and more important and the need
for high speed links is growing to be able to meet the user demands. The large distance links nowadays
are in the range of 17b/g, where high cost electronic and optical equipment is required. When these
techniques would be applied to short distance links, for example fibre-in-home, the costs would not
compete to the speed of this link. To make high speed links for the short range available the cost of
the optical receiver systems must be less to make it attractive.

An optical receiver system consists of a photodiode, to convert signals in the optical domain into signal
in the electrical domain, and an electrical circuit to reconstruct the transmitted data.

The chip and photodiode process are costly processes and therefore these optical receiver systems
are still expensive nowadays; these processes are for example InGaAs (Indium Gallium Arsenide) or
Germanium. To make these systems cheaper one could think of using a more standard process like
CMOS; sub-micron CMOS is fast enough to compete with the expensive processes. Design for example
the electrical front-end in a standard CMOS process and the diode in InGaAs. This means that the
photodiode is off chip, this means an expensive photodiode process and assembly costs. But this is
already cheaper then the original optical receiver system.

The solution proposed by S. Radovanovic [8] is to create an on chip photodiode, to get a more low cost
solution. The development of such a photodiode on chip requires a new electrical circuit. This thesis
describes such a electrical circuit for an on chip photodiode for high speed optical links.

1.1 System overview

This optical receiver system exists of two domains; an optical domain and an electrical front-end, where
the design of the optical domain is out of the scope of this thesis. The characteristics of the optical
sensor and optical standards are used to design the electrical front-end. The electrical front-end itself
also exist of two domains; an analog front-end and digital processing. The domains and the sub-blocks
of the system are shown in figure

“Optical '~~~ = = " Flectrical Front-end ]
Domain [ Analog Front-end "1~ Digital |
| | Processing

!

S . !
s ' %S Equalizer — LA —|CDR|
Filter |—|7 |

Figure 1.1: System overview of the optical receiver system
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The incoming light contains information on several wavelengths, for example multiple data streams
in different wavelengths. Since this is common in optical data transmission there is a filter on top
of the photodiode, that enables the selection of one wavelength. The current from the photodiode is
amplified and equalized to enable a large system bandwidth and thus large data rates. The limiting
amplifier (LA) transforms the analog signal in a more digital like signal so it can be used in the clock
and data recovering (CDR).

1.2 Research objectives

This thesis will mainly focus on the analog front-end of the optical receiver system as indicated in
figure The idea is to create a optical receiver system with a large bandwidth to achieve high data
rates. The first research objective is to determine the maximum amount of input referred amplitude
noise for the analog front-end, such that the bit error rate specified for the optical link is met. Since
this bandwidth is several GHz, the integrated noise is the main concern. There is a trade-off between
the bandwidth, optical power and the noise that can be tolerated to achieve the bit error rate specified.

The second and main research objective is the transimpedance amplifier (TTA), the TTA must meet
the bandwidth and noise specified. The TIA will be designed without the use of inductors in standard
65nm CMOS. Two common TTA implementations are compared to noise behaviour and bandwidth.
For the chosen TIA two enhancements are designed: noise cancelling and bandwidth extension. These
features are used to meet the specifications of the optical link.

1.3 Outline of the report

The TIA specifications are derived from the link specifications in chapter Where two different
TIA topologies are compared for noise in chapter For the chosen TIA topology noise cancelling
and bandwidth extension features are explained in chapter @] The simulation results of the TIA
enhancements are discussed in chapter [

The conclusion and recommendations are discussed in chapter [6]



Chapter 2

System noise analysis

This chapter presents a noise analysis to determine the system parameters that are used to design the
analog front-end of the optical receiver system. The noise related specification for this system is the
bit error rate (BER); according to the gigabit Ethernet standard the BER = 1072, To design the
analog front-end the relation between the bit error rate and the amplitude noise is determined. With
the amplitude noise the analog front-end can be designed to meet the BER.

The data information is coded in a low and high level voltages Vi, and Vi respectively, if V7, is detected
the information could be a 'zero’ for example and a high level voltage could be a ’one’. A bit error is
the detection of Vi, instead of Vi for example.

In the clock and data recovery (CDR) the incoming data stream, information coded in Vi, and Vg,
is sampled by a clock generated by the CDR, this clock is usually recovered from the incoming data
stream. The sampling moment of the clock differs in time with respect to the ideal moment in time.
This is called timing jitter and can cause bit errors. The bit error rate is the description of the
probability that a bit value is detected wrong.

Clock Clock
Ideal Ideal
O~ rg}3 i M3
N N
Error \E}Z Error 95 1 2
(a) Noise behaviour in the analog front-end (b) Noise behaviour in the digital back-end

Figure 2.1: Overview of the bit error mechanisms

Amplitude noise in the analog front-end changes the voltage levels V;, and Vy, see figure Situ-
ation 1 gives a voltage level that is not changed by the amplitude noise. In situation 2 the amplitude
noise has raised the low voltage V1, this could result in a wrong decision when situation 2 is amplified
to a high voltage level Vi; a bit error occurs. The amplitude noise can also change the voltage level a
bit, shown in situation 3.

The clock and data recovery experiences these signals with amplitude noise as signals with timing
jitter. Two examples of bit errors that can occur in the digital back-end are shown in figure [2.1(b)|
Situation 3 is a situation where the data is sampled correct, and the information is valid. In situation
2 a bit error occurs, the information is coded Vr,, but V is sampled. This error can occur because in-
formation got lost in the analog front-end or the clock-edge and data edge are shifted whole bit periods
(period jitter). Situation 1 is a potential error, because the information is coded in Vi, but % is
sampled since this voltage level has no information value, the information is called meta-stable. This

7



CHAPTER 2. SYSTEM NOISE ANALYSIS

situation is caused by clock and data edge variations in the order of half a bit period (edge-to-edge
jitter), this can occur if the clock in no longer synchronized to the data stream.

A good insight in the bit error rate can be obtained with an eyediagram. An eyediagram is a graphical
representation of the different bits in the data stream, the voltage level in time of all the bits are plotted
in one bit period. In this way the amplitude difference caused by the amplitude noise is shown, large
differences in the amplitude can cause bit errors, see situation 2 in figure Two eyediagrams are
shown in figure [2.2(a)| and [2.2(b)] figure [2.2(a)| gives a situation where the amplitude noise causes less
variation in the voltage level than the situation in figure If there is more variation in the voltage
level there is more chance a bit error occurs. And the chance that a bit error occurs is graphically seen
as the eye opening.

v, 1 \fH Vi 1 "
“ P & Saign IV ANVANAY
- )

(a) small BER (b) large BER

Figure 2.2: Eyediagram with gaussian amplitude noise on Vi, and Vg

Noise calculation approach

The sample moment of the clock is not ideal, because of the clock timing jitter. This timing jitter
gives an extra uncertainty in the sample time of the data. The mathematical derivation of the BER
is done in the analog domain, to be able to model the timing jitter of the sample clock, this clock
jitter is transformed into amplitude noise. Where it can be added to the amplitude noise of the analog
front-end and thus be modelled in the BER equations.

The translation between jitter and noise is discussed first in section [2:1] to get the clock jitter trans-
formed to the analog domain. The mathematical derivation of the BER is described in section [2:2]
Section describe the noise introduced by the analog front-end. The noise and signal generated by
the photodiode is discussed in section [2.4]

The derivation for the BER of the system is expressed in input referred current noise in section [2.5

2.1 Noise-jitter transformation

The analog front-end of the optical receiver system adds white amplitude noise to the wanted signal,
see figure This white amplitude noise is represented as a Gaussian density function around the
wanted signal.

The transformation from amplitude noise to timing jitter occurs in the limiting amplifier. The limiting
amplifier is a kind of comparator that amplifies the signal to the voltage supply rails. The incoming
signal is compared to a threshold voltage, thereby transforming the amplitude noise on the signal into
timing jitter; a graphical representation is shown in figure [2.3(b)|



2.1. NOISE-JITTER TRANSFORMATION

Tjitter
3 V >

V
L Output
signal

.Noise probability /_\
Vdecisior/\ /7( m Input

signal

t t

(a) White noise represented as a Gaussian distribu- (b) White noise transformed into jitter
tion on a signal

Figure 2.3: Noise and jitter representations

2.1.1 Mathematical description of the amplitude noise to timing jitter
transformation

According to [10] amplitude noise to time jitter transforma- vi
tion takes place at the threshold of the comparator. The Va
amplitude noise is transformed into timing jitter by the K
slope of the signal crossing the threshold. The slope is de- Veomp

scribed as %7 which transforms the amplitude noise (dv) V
to timing jitter (dt).

A signal with amplitude noise crossing the threshold of an

comparator is graphically represented in figure 2:4] i Tiit t:

The amplitude noise is presented as it’s Gaussian density
function on the vertical axis and the timing jitter density
function is presented on the time axis. Figure 2.4: Transformation of voltage
[10] claims that the probability density function of timing noise to timing jitter at a threshold [10]
jitter is the same as the probability density function of the

amplitude noise. Multiplying a Gaussian function with a scalar resembles in a Gaussian function. The
slope is a scalar and therefore the timing jitter is a Gaussian density function.

[10] gives a relation between the Gaussian density function of the amplitude noise o, and the Gaussian
density function of the timing jitter o;ier, see equation (2.1J).

2

sv
5t

2 2
Ov,, = Ojitter *

v=Veomp

2.1.2 Mathematical description of the clock jitter and noise

The clock timing jitter can be cleaned with a circuit to reduce the jitter on the clock edges [9](p.576).
This is represented as or = o - Ojitter, Where oy is the standard deviation of the timing jitter on
the clock edge and « the cleaning factor (0 < o < 1). The influence of the clock jitter is added to the
amplitude noise to obtain it’s influence on the BER. The equivalent amplitude noise created by the
clock timing jitter is o, ,,. A good estimation for oo ~ 5% [11].

Bandwidth extension and noise cancelling for TIAs 9
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-1

sv
ot

Ojitter = Ou,, *

v=Veomp
-1

ov

ot

Oclk = QO+ Oy, *

'U:Vccnnp

Now that the clock timing jitter caused by the amplitude noise is derived and the clock cleaning factor
is added, the clock timing jitter is transformed to amplitude noise. The amplitude noise cause by the
clock timing jitter is oy, .-

ov

5 =a-o,, (2.2)

O-Un,clk = Jclk} :

v=Veomp

Ov,.o1 18 assumed to be uncorrelated with the amplitude noise, because clock-edge and the data-edge
are different in time. Recovering the clock signal adds delay to the clock line and therefore the timing
jitter on the clock-edge and data-edge are uncorrelated. Data dependant jitter is usually low frequency
jitter, and gives the time difference between large a number of bits. This low frequency jitter is filtered
by the loop filter of the PLL and does not effect the data recovery.

The standard deviation of the Gaussian density function of the total amplitude noise o, ,,, is the
product of the clock noise o, ,, and the amplitude noise o, .
Note that the rms voltage noise is defined as o, = Tp,.

T yor = \/agn +o3 = \/agn +a?-02 =0, - V1+a2=7,-V1+a? (2.3)

2.2 Mathematical description of the bit error rate

A bit error occurs if the high voltage level Vy, is decreased by the amplitude noise to a value below
Vavg @ bit error occurs. Note that the amplitude noise on the lower and higher voltage levels are
uncorrelated and assumed to be of equal amplitudeﬂ The amplitude noise caused by the clock jitter
is also uncorrelated with the amplitude noise on the signal.

The stochastic process of the amplitude noise on

the voltage levels Vi, and Vjy is called respec-

tively X, and Xg. An error occurs if Fr, (V) = A
P(XL > Vavg) and FH(Vng) = P(XH < Vavg)a

where the probability functions Fy and Fy are \/ \/
the amplitude noise probability distribution func-

tions of respectively the low voltage and the high J\ A

voltage levels. The bit error rate is defined as

BER = P, - FL(Va'L)g) + P - FH(Vavg)a Py and
P are respectively the chance that a zero and an \_y
one occurs (Py+ Py = 1).

To calculate the bit error rate the next definition
is used:

BER
o

RVAvVe

Figure 2.5: Overview of the bit error probability in
the analog domain

F(z)=P(Z>2z2) = /OO fz(z) dx (2.4)

Where fz(x) is the probability density function of a stochastic process, in the case of white amplitude
noise fz(x) is given by:

IThe amplitude noise on voltage levels Vi and Vy, are not equal; noise on Vy, has a smaller amplitude than noise on
V. The amplitude noise is assumed equal to get the worst case scenario, the amplitude noise on Vy is taken.

10
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(z — pz)?
1 - 9202
T) = -e Z 2.5
fZ( ) Uz\/ﬂ ( )
The mean values of the two density functions are ideally located at voltage levels V;, and Vj, this
means puy = Vg and py, = V. The mean value pz can be shifted if the condition z also shifts, so the
stochastic process F(z) can be rewritten to P(Y > z — uz) where Y is the same process as Z but with

Hy = 0.
Choosing the following mean values result in equations for the stochastic processes:

tr = Vavg — Vi
L = Ve — Vg
Fru(Vavg) = P(Xu < Vaug) = P(Xug > —Viug)
= P(Xy > —Vovg — i) = P(Xyg > 0)
Fr,(Vavg) = P(X1, > Vaug — pr) = P(X, > 0)

Since the amplitude on Vi and Vg is assumed equal and these two density functions are equal Ff, =
Fy = F: the mean value can be chosen equal for both density functions.

BER =Py - F1(0) + Py - Fr(0) = (P + P1) - F(0) = F(0)

The probability distribution function (2.4)) is evaluated with the Q(z) or erfc function.

Y2
Q(x):i/weigd 1erfc<x> (2.6)
~Var o TR\ |
The BER = F(0) = P(X > 0) rewritten into the Q-function form with y = T
o
~ (x—p)*
P(X>0) = e 207 dx
( ) /0 o2
11 ot Y
P(X>0)=—~ ——- Te 2 dy- 2.7
X0 = [T 2y (2.7
o
Y2
1 S
PX>20)=——" 2 d 2.8
=0 [ e 2 ay (28
o
P(X > 0) = & f< ") (2.9)
=—erfe| ———= :
2 5 o2

Substituting the above end results gives a general expression for the BER:

1 Vav _VH
BER = —erfc| ——%—+—— 2.10
2/ ( vn-\/§\/1+a2) (2.10)

Note that 7,, is the maximum voltage noise that can be added to meet the BER that is specified.

Bandwidth extension and noise cancelling for TIAs 11



CHAPTER 2. SYSTEM NOISE ANALYSIS

2.3 Noise analysis of the analog front-end

According to the Friis formula for noise, the noise contribution of the following stages is negligible if
the first stage has sufficient gain. The first stage in the optical receiver system is a transimpedance
amplifier, typically this stage has enough gain to assume that the stages following the transimpedance
amplifier do not contribute significantly to the noise.

The frequency characteristic of the diode has a low-pass behaviour, this means that the high frequency
signal have a lower amplitude than the low frequency signals. The noise generated in the optical receiver
is of equal amplitude for all frequencies, this means that the SNR is frequency dependant. For higher
frequencies the SNR degrades because the input signal degrades. The frequency characteristic of the
photodiode can be modelled with , where 0 < a < 1. In this report the frequency characteristic
is assumed low-pass with a cut-off frequency higher than the bandwidth of the optical receiver.

Ipc
Ip(w)= ———— (2.11)

;W

(1+i2)
The gain of the transimpedance amplifier is the current to voltage gain:
V.

Rppa = - 2w (2.12)

Iphoto

2.4 Noise and signal analysis of the photodiode

This section discusses the current generated due to the incident light, the optical filtering and the noise
of the photodiode.

2.4.1 Optical input power

The optical input power is defined in the gigabit Ethernet

standard [I], by defining the optical modulation amplitude

(OMA) and the extinction ratio (E,) [7], see figure %ptH
The values from the standard are OM A = —16dBm and P

FE,. = 6dB. The wavelength used in this standard is 850nm. OptL

0% R,

t
E. -1
OMA = Poptyy — Popt, =2 POPtAVGﬁ (2.13) Figure 2.6: Overview of optical power
P " definitions
E, = —2rtn (2.14)
PoptL

The optical power is calculated with the OMA: Pop,, = 33.54uW and Popt, = 8.43uW. The current
generated by the diode is calculated for A = 850nm:

Popiy A

Ip, = Neat qol’l’i’féf =8.72uA (2.15)
Poyi, A

Ip, = Tewt q% = 2.19uA (2.16)

The diode external efficiency 7e.+ = 0.4 — 0.7 for typical CMOS photodiodes, according to [8] (p.22).
The diode external efficiency is assumed 7).+ =~ 0.4 in this report.

12



2.5. BIT ERROR RATE TO INPUT REFERRED CURRENT NOISE

2.4.2 Optical filter

The optical filter on top of the photodiode filters information channels, different information streams are
send with different wavelengths. Due to spread and non-ideal optical filters on top of the photodiode,
each photodiode receives power from both input channels. This results in crosstalk with a desired part
and a smaller undesired part of the other channel. Assuming there are two information channels \;
and Ay, with optical powers Py, and Py, respectively incident to the optical detectors (photodiode and
filter). This crosstalk can be modelled using the matrix M that describes the optical power incident

to each photodiode, see (2.17).

My Moy Py, Pp,
. = 2.17
|:M12 M22} |:P)\2 Pp, (@17

Pp, and Pp, are the optical powers incident on the photodiode 1 and 2 respectively.

2.4.3 Noise analysis of the Photodiode

The integrated photodiode converts the optical power into an electrical current, the relation for this
conversion is (neglecting optical quantum noise):

Pp, A My, Py, + Mya Py,) A
Iphlznethﬁznmq( S ) (2.18)

where 7)., is the external quantum efficiency. The conversion process introduces shot noise, neglecting
the optical quantum noise, the relation is:

inpn, = \/2q Tpn, BW (2.19)

where I,5, is the total electrical current produced by the photodiode and BW is the bandwidth of
the optical receiver system. As can be seen in , the detector current contains information of the
undesired channel Ao, this is the noise introduced by the optical filter. So the total noise in channel 1
is described as:

: - MyaPy, A\
"ngicde = \/Z%phl + (newt qhicz (2.20)

So the total amplitude noise from the photodiode and the filter referred to the input of the tran-
simpedance amplifier is:

M P MisP My P ?
(Myy Py, + My Az)/\+( ot 12/\2)‘) (2.21)

o = (| 2eat ¢2 BW
naiode \/ Next 4 he he
2.5 Bit error rate to input referred current noise

The bit error rate is translated to the analog front-end noise performance; therefore the maximum
input referred amplitude noise can be calculated that meets the bit error rate specified.

The BER equation ([2.10) is rewritten into optical related parameters. And finally the bit error rate is
expressed in terms of signal to noise ratio and input referred current noise.

1 Vavg — VA
BER = —erfc —‘“’9)
ol < Uy V2V1 + a2

T, is total voltage noise generated by the optical receiver system.

Bandwidth extension and noise cancelling for TIAs 13



CHAPTER 2. SYSTEM NOISE ANALYSIS

Va'ug - VH = RTIA(Iavg - IPH)

Uy = Rrra - in

1 Ip, — 1
BER = —erfc Havg)
zerd (ﬁm

(2.22)

i, corresponds to the total input referred current noise that the optical receiver system can generate

for a given bit error rate. Using the relations for the current generation:

Popes A
IPH = Next 4 }Z;tg!

Popt o A
ng = TNext (J%

With (2.13]) and (2.14)) the relation can be converted to the Ethernet standard related parameters.

OMAE, +1
FPortave = =5, =5
E,
POptH :OMAE 1
OMA
PO;DtH - PO:DtAVG = T

1 Next 4 A (POptH - POptAVG)>
BER = —erfec —
2 f( he 4, -V2V1+a?
(nextq)\OMA 1 )
2h ¢ inV2V1+ a2

The the total input referred current noise of the optical receiver system:

= ierfc

_ Neat A OMA 1
erfe”t(2- BER) = == =iy
— 1 Next AOM A 1

~erfc}(2- BER) 2hc V2V1+ a2

The signal to noise ration in relation with the BER is given by:

st GANOMA 1
V2y/1+4a2?-erfc'(2- BER) = %:
c

V21 +a?-erfc ' (2- BER) = Srms

NTmS
The SNR of the system is determined with BER = 1072 and a = 0.05:

S’rms
Nrms

The total input referred noise of the optical receiver system is given by:

in

=7.04

/- J—
; — 2 2 2
Ygotar = \/anwde + ZTLTIA + an

(2.23)

(2.24)

(2.25)

(2.26)

E is the input referred noise generated by the optical receiver system except for the TTA and the

photodiode. The noise of the optical receiver system related to the BER is given by:

14



2.5. BIT ERROR RATE TO INPUT REFERRED CURRENT NOISE

1 Newt A OM A 1 S 5 | 5
= 2.27
erfc 1(2- BER) 2hc V21 + a2 \/ ngioae T tnrra T g ( )
The input referred current noise of the TTA is given by:
2
2 = L Meot gAOMA 1 R (2.28)
nrrA erfc 1(2- BER) 2hc VoV + a2 fdiode  NE

The TIA can be designed using ([2.28]), this gives the input referred current noise specification.

Bandwidth extension and noise cancelling for TIAs 15
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Chapter 3

TIA topologies

In this section two different TIA topologies are discussed, the discussion will mainly focus on the noise
performance of the topology. But first the specifications are listed.

Opamp structures can not be used due to the high bandwidth required in the TTA: the unity gain

bandwidth of the opamp is in the same order as the bandwidth of the TIA. High frequency transistor
circuits like the common gate TIA and the common source TTA are discussed in this section.

3.1 Specifications

The photodiode capacitance is an important parameter, estimated at 500fF for the envisioned on-chip
photodiode.

The input referred noise is calculated from the BER ([2.28)):

1 Next AOM A 1 2 _13
=2.38-10 2.28
<e7“fc—1(2-BER) 2hc V21 + a2 (2:28)
i2 =1.26-10"1 @-21))

Ndiode

This gives the input referred current noise for the TIA and following stage of the optical receiver:

2 + 12, =A4T4nA (3.1)

The amount of input referred noise for the TTA is chosen 70% of the total for the TTIA and following
stage of the optical receiver, resulting in ,,,,, =397nA.

Ip, — 1
The photocurrent is given by % = 3.265uA, see equations (2.15)) (2.16)).

BW 5GHz

C; 500fF

T a 397nA
photocurrent | 3.263 pA

Table 3.1: TIA specifications

17



CHAPTER 3. TIA TOPOLOGIES

3.2 Common gate TIA

The common gate TTA is known for its low input impedance. A common gate TIA with the noise
sources is shown in figure [3.1]

The noise currents of transistors N1 and P3 and

the signal current are amplified to a voltage with | ‘
the output impedance of mainly transistor P3. Vbs—| | p3 in ggti?irel
This means that the noise current of transistors

N1 and P3 contribute almost without attenua-

tion to the input referred noise current. The next Voo | 2 e i +
equation gives insight in the noise behaviour of s n

the circuit, to leave some noise budget for the Vot
next stages a factor ¢ is introduced and chosen i ;
roughly 70%. The reference input referred input G Vo1 [ m in current
current noise i,,.,, = 397nA, see table %> —I_ " SOUI‘C(i

—
Figure 3.1: Common gate TIA with its noise

/T - sources
Z’fLTIA > g an + an

>§\/4.k-.T~BW"Y(9m1 + gm3)
>&/4-k-T-BW -9/ Gm1 + Gm3

/L.TLT]A
> 4/
VI kT BW . 5 VIt oms

2.85mS > gm1 + Gms (3.2)

To meet the bandwidth specification (BW=5GHz); gma = wo% =~ %S. The current needed for
Jma = %S results in a large g1 + gms3- A pre-design is made using ProMost to obtain the transistor
specifications, which gives a good estimate of the feasibility of the common gate TIA. The design

parameters for the transistors are shown in table [3.2]

Table 3.2: Pre-design of the common gate TTA

(a) Transistor N2 (b) Transistor N1 (¢) Transistor P3
W 80pum W 15pum W 14pm

L 0.06um L 0.06pm L 0.06pm
VDS 250mV VDS 400mV VDS 550mV
VGT 145mV VGT 336mV VGT 495mV
Im 19.39mS Jm 9.72mS Jm 5.66mS

This pre-design gives the estimate that the noise specifications can not be met, the sum of the g,,
values is 15mS. It can be concluded that the specifications, table with the common gate TIA can
not be met.
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3.3. COMMON SOURCE TIA

3.3 Common source TTA

The common source TTA has an advantage over the common gate TIA: only the noise of the feedback
resistor contributes almost without attenuation to the input referred current noise. The input referred
current noise caused by the noise of the transistors is attenuated by the transimpedance gain. A simple
common source TTA is shown in figure (3.2

The transimpedance gain is given by:

1
Vout Zr (Rf o ng) R
iin L +7Z ! +
gm
Assuming that Zy, >> g% the equation can be simpli- Vin o | /\/\éut
fied to: T | [ 7
—Z> T Gn -
ou 1 —
Yout _ R, — (3.3) .
Tin Im Figure 3.2: Common source TTA
The input impedance of this TIA (z;,,) is given by the
next equation and also assumes Zy >> Ry:
Zr +R 1
tim = 2 L (3.4)

-

Ry

i \ +
|

Vot

V*ﬂ% %qn |[\/@an

-

Figure 3.3: Noise sources of the common source TTA

The noise sources of the common source TIA are indicated in figure Only the noise of the feedback
resistance is directly added to the input referred noise, whereas the noise of the transistors, amplified
by the output impedance, is attenuated by the transimpedance gain.

‘nypost *

L The input referred
Ry

The input referred noise is caused by the transistors is given by ¢,,, =

noise caused by the feedback resistance is given by:

— _4-k-T-BW
Nin — Rf

Choosing a large feedback resistance gives less input referred noise, but less bandwidth.

Bandwidth extension and noise cancelling for TIAs 19



CHAPTER 3. TIA TOPOLOGIES

\W% 40pm

L 0.06pm
Ip 4.885mA
Vps | 700mV
Ver | 340mV
Im 28.62mS

Table 3.3: Pre-design of the common source TIA transistor

A pre-design for the TTA is made, the bias transistor is replaced by a resistor. The width of the

transistor is chosen in such a way that the gate capacitance is about 10% of C;,. The transistor

parameters are listed in table [3.3]

1.2 - Vpg
D

The input referred noise of Ry, the transistor and Ry is solved for 4y, ,, see table

For the resistance holds the following: R, = = 10292

—2
: 2 2
‘nyost ZL T Unpous
2
Ry

Finny = inpra = 3970 A (3.6)

Ry is the unknown variable in this equation, solving for Ry gives the feedback resistance needed to
obtain the specified noise current, Ry = 667.
The bandwidth of the TIA for the given Ry is calculated with (3.4]) and the next equation:

1
This pre-design gives a bandwidth of 1.34GHz, this is not sufficient.

fcutfoff =

3.4 Summary

Since the noise sources of the common gate TTA are input referred and the noise generated by the
common gate TTA exceeds the specified noise excessively this TIA can not be used. The common
source TTA could potentially meet the input current noise specified because the feedback resistance
can be used to attenuate the input referred noise. However the bandwidth will suffer from choosing
the feedback resistance large. According to the pre-design of the common source TIA, improvements
on the design have to be made to meet the specifications.
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Chapter 4

TIA realization

According to the pre-design of the common source TIA in the previous chapter, the bandwidth does
not meet the specified bandwidth of 5GHz. This chapter discusses two techniques to improve the noise
and bandwidth behaviour of the common source TTA.

In section a noise cancelling mechanism is discussed, this decreases the noise and therefore the
bandwidth can increase. A bandwidth extension technique is discussed in section [.2] the idea is to
increase the bandwidth without decreasing the signal to noise ratio.

4.1 Noise cancelling in a common source TTA
To cancel the noise of the common source TIA a node has to be found where only this noise is present.

According to equations (3.3]) and (3.4)) for the transimpedance gain and input impedance; the feedback
resistance can be divided into two functions.

Vout 1
=Ry — — 3.3]
Lin ! 9m ‘ ’
Zr, + Rf 1

ngL‘Fl_%

The transimpedance gain R; = v(f“t and this can be written as:
Rt = Rf — Zin
Ry =z + Ry (4'1)
L )
R
i < V, f l
in l Gn —I' s Vgs'gml% %L Vut lin l G, T
(a) (b) With virtual ground

Figure 4.1: Small signal model of figure [3.2
According to (4.1) the feedback resistance can virtually be split into two different resistances: the

input impedance and the transimpedance gain. This means that there is a virtual ground node inside
the feedback resistance that separates the input impedance and transimpedance gain. The frequency
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CHAPTER 4. TIA REALIZATION

transfer of the common source TIA without parasitic capacitances is derived with the small signal

model shown in figure

Vout _ ZL(g’m : Rf - 1) (4 2)
Tin gm-ZL—&—l—Fij'm(Rf—f—ZL)
o — gm - 21 +1
O Cin(Ry + Z1)
Zy + L
= m (4.3)

Cin (R + Z1)

Using assumptions from section (Zp >> gi and Zr, >> Ry) together with equation ([3.4); equation
(4.3) changes to:

Wo ~ ZL _ Im
Cin 7z C;
gm
1
e 4.4

The input impedance with the input capacitance creates a pole in the frequency transfer. Note that

this can only be the case if the node inside Ry is virtual ground.
Vout

are 180° out of phase:

Vout _ _ZL(gm . Rf — 1) (4 5)
Vgs Zr, + Rf '

The phase difference is graphically shown in figure [4.1(b)|

The feedback resistance divided into two resistors is shown in figure where z;, = Ry and

Rt = ng

Secondly »
gs

i

- n n
. I ¥ fl f2

Re; In '|‘ : - — +

+ . \6ut Rf Rf

vV J_C‘ | [ ZL@|” Vgs ! V. ;ml Z. i Vout
9s ZZ), T n S Nout
- — e —
(a) Circuit with virtual ground (b) Small signal model

Figure 4.2: Common source TTA with its noise sources
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4.1. NOISE CANCELLING IN A COMMON SOURCE TIA

Calculating the noise transfer

The noise transfer of all the noise sources to vs and v,,; is calculated to obtain insight in the behaviour
of the noise in the circuit. Cj,, is left out to obtain relations for the TIA itself.
The noise contribution of i, 1 tovs and vey:

Vout = Us
Vgs = Vout + infl . Rfl
Vout = —f9m ~ Vgs * Zr,

Vout = —9m - 21 - (Vout + ins, - Ry1)

(4.6)
This derivation result in:
—q. -7Zr R
'(.Jout _ ZY9m 2L Itn (4.7)
Z’I’Lf1 1 + gm : ZL
s —Ym Zr-R
.U( _ 9 LIty (4.8)
gy L4+ gm - ZL
For noise source i, , the contribution is:
Vgs = Us
Vgs = Vout + @ ' Rf2
Vout = —Gm " Ugs - Zr
(4.9)
This derivation result in:
ou —Ym Z N R
out _ “9m TL 7h2 (4.10)
Un, s 14+ 9gm - Zr,
s R
O W2 (4.11)
anz 1 + gm : ZL
The noise contribution of 4, ,:
Vout = Vs = VUgs
Vout = (inout —9m - Ugs)ZL
Vout = (inout —9m - Uout>ZL
(4.12)
This derivation result in:
Vout 1
= 4.13
inout 1 + gm : ZL ( )
s 1
Us (4.14)

Z'nout 1 + gm ’ ZL

These noise transfers reveal a possibility to cancel noise of particular noise sources, using this virtual
ground node. The noise contribution of 4,,, and i, can be cancelled by subtracting: vyt —vs. The
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+ Vs -
—L — + \_/

+
[ Vo Rﬂm

o | \(Jut \()ut'VS
|nl T n B B

-

Figure 4.3: Noise cancelling TTA with schematic subtraction node

input signal at v is zero, because it is a virtual ground for 4;,. The common source TIA with the sum
point to cancel the noise is shown in figure [4.3]

For the noise source iy, subtracting vy,s — vs gives:

Vout Vs  —Om- Zy - Rf2 Rf2

Qnjs g Lt Om- 2L ltgm-ZL

= —Ry, (4.15)

The input referred noise for the TIA, assuming the parasitic capacitances are zero, is given by:

_ .72
Vout — Vs Rya Yngo

Ryo Ryo

—— 4-k-T-BW
— 2 — - 4.1
Z’an sz ( 6)

According to this derivation only the current noise of the feedback resistance is input referred, the
noise contribution of other noise sources can be cancelled using node vs. The input referred noise can
be decreased by increasing the Ry».

4.1.1 The parasitic effects on the single stage TIA

The transimpedance amplifier with a number of its parasitics impedances is discussed in this section,
see figure [4.4]

T

-

Figure 4.4: Single stage TIA with its parasitics
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4.1. NOISE CANCELLING IN A COMMON SOURCE TIA

The voltage variations vs caused by i;, must be zero, in this way the node vs; may be used to cancel
noise on the output of the TIA. To achieve this virtual ground the relation for the feedback resistors
is given by:

g o Vout _ (gm - (Bpy+ Ryz) —1) Zp

Ugs Ry + Rypo + Zyp,
Rfl +Rf2
= e 4.17
By A+1 (4.17)
Which results in:
Ry + Zp,
Ry =—"——F
A ZL Im
Zin =R = 1
in — Avf1 = wo - Cz
1 _Rp+7Zg (4.18)

WO'Cin B ZLgm

This equations gives the bandwidth trade-off for the TIA where Ry is the input impedance for low
frequencies and Ry, is the transimpedance gain. Zp is the load impedance, given by Rp//Zc,;
Zey, L

~ jwlr:

By rewriting and substituting Ryo into (4.18) a noise-bandwidth trade-off is obtained.

4-k-T
Ry = = feutt—ops = G feutt—off
This results in:
1 " Jeutt—o Z
_ G Jewtt—opf + 2L (4.19)
2'7"-'.fcutt—off'C'in ZLgm
4-k-T = . . o —
Where ( = —— and 42 is the noise contribution allowed by the TIA: iy, ,, see table|3.1

Z’I’L
Equation (4.19) describes the effect of increasing the bandwidth of the receiver system; if feutt—ofs
increases, the left-hand side of (4.19) decreases while the right-hand side increases.

The assumption Z;, >> Ryy made earlier, section [3.3] results in Z >> (- feutt—oss which simplifies
the bandwidth-noise trade-off. However this assumption is not valid at 5GHz: the load capacitance at
5GHz can be in the same order as Rys.

In order to meet the noise and bandwidth specification the following parameters can be increased: Ryo
and ¢, - Z1. Increasing Ry decreases the noise and increases the transimpedance gain. Increasing
gm * Z1, keeps the right-hand side of low enough to meet the bandwidth. In creasing the g,, and
the output resistance of the transistor can be done with a large W and L, this however will end up
with a too low unity gain frequency (FUG); the NMOS transistor has no gain left at high frequencies.
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4.1.2 Single stage cascode TTA

The output impedance of the TIA has to be increased without decreasing the FUG.
Zp, can be increased by the using a cascode, the parasitic output impedance of the TTA is multiplied
by gm - Zout of the cascode transistor. The cascoded circuit is shown in figure

i V
Cascoded ' P
current

source

Mut

Figure 4.5: Single stage cascoded TIA with its parasitics

The output impedance of the cascoded stage is now increased to:

ZL = ZoutN // Zoutp
= (Zoutm + Zoutns T Zoutn: * Loutns 'gwwz) // (Zoutm + Zoutpy T Zoutpr * Loutps 'gmpz) (4-20)

The capacitance seen at the output of the TIA is dominated by the Cy capacitances of transistors My
and Ps.

Noise transfer

Eliminating the low load impedance reveals unwanted behaviour in the noise transfer from v,y to v,

ideally Y —1. The simplified noise transfer is given by:
Nout Unout
s ' Can 1
Heppryy = —2 = JWmin & (4.21)
Ungwe  JWCin(Rp1 + Ryp2) +1
The bandwidth of Us is lower than the system bandwidth, because Ry is typically about 5-10 times

U”out
larger than Ry;;. This means that the noise at higher frequencies is not cancelled with v,y — vs. The
phase difference between wv,,+ and v, in the high frequency range causes the noise to add up, resulting
in more noise than without the noise cancelling.

An option could be to equalize the noise at vs to match the noise at v,,:, but equalizing the noise at
vs will also cancel some of the input signal; for high frequencies the input signal is not zero at vs.
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4.1. NOISE CANCELLING IN A COMMON SOURCE TIA

4.1.3 Asymmetric feedback resistance

The bandwidth of the noise and the system bandwidth can be brought together by choosing
Ry smaller. If Ryy is chosen small compared to Ry; the noise bandwidth and the system bandwidth
would approximately be the same. But choosing Ry small results in less gain and this results in more
input referred noise. There is no use of changing the resistors; only the bandwidth or the noise will
meet its specification.

What if Rfo would have a asymmetric value, from one side a high value and from the other side a low
value. An asymmetric resistance is shown in figure relations (4.22)) and (4.23) give the resistance
seen at each node.

ngzl

+ Vo

Rin> out 3 éRoutéin
R

Figure 4.6: Asymmetric resistance model

Rin%out =R (422)
R

Rovt—in = ——————— 4.23
= gm2 R + 1 ( )

The resulting circuit with the asymmetric resistance is shown in figure [£.7}

X
Vf2
+

Vin Rfl V)ut
I | Dl
= 7

-

Figure 4.7: Asymmetric resistance in the common source TTA

This asymmetric resistance in the circuit decreases resistance Ry, and Ry seen from the output to
the input, this is calculated with the circuit in figure
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| < Rout—>in

Figure 4.8: Effect of the asymmetric resistance on two resistors

Vi
I

Rout—)in -

_I:ir'Rf2'gm2+7;'r

Vi="1i(Rs1 + Ry2)
Vi Ry +R R R
Rout%in = -5 = e f2 = /1 + /2 (424)
I Rfpz-gm2+1 Rpz-gma+1l Rpz-gme+1
. Ryo .
If only Rfo would be asymmetric Royi—in = Rf1 + —————— would be expected, but according
Rys - gma +1

to equation (4.24) Ryq decreases with the same factor as Ryo.
This means that the bandwidth of H, is increased, but the TIA bandwidth is also increased; this

N out—s
is approximately given by: wg = ~—=—. Since Ry is decreased with the same factor as Ry the TIA

Cin-Ry1
bandwidth is increased with the same factor as H,, , .-
larger TTA bandwidth compared to the bandwidth of H,,
bandwidth of the noise transfer H

Nout—s"*

This still results in typically a 5-10 times
out—s- This noise cancelling is limited to the
Since the bandwidth of H,, _, .. does not meet the specified

bandwidth of 5GHz, this noise cancelling mechanism can not be used.
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4.2. BANDWIDTH EXTENSION IN A COMMON SOURCE TIA

4.2 Bandwidth extension in a common source TTA

Since the noise cancelling mechanism lags in bandwidth the asymmetric resistance is used to increase
the bandwidth.
The effect of the asymmetric resistance, proposed in
section decreases the feedback resistance é
R
\/f out

seen from the output to the input. This effect is fur-

ther investigated in the original TIA circuit, see fig- - R 4+

ure [0 : T
To obtain insight in the influence of the voltage con-

trolled current source the parasitic capacitances are Vv, ('

estimate for the bandwidth, transimpedance gain and
the loop gain.

n
assumed to be zero at this moment. This gives an 4{ [ @I gmy -\
z%zg T in

4

The estimated bandwidth is given by wyp = — Figure 4.9: Common source TIA with steered
where z;, is given by (| - Where g, is the VI gam current source
of the of the TIA transistor.

_ gm2 - Rout . Rf - Rout - Rf

Zin — 4.25
9m * Rout + 1 ( )

Chrarasitic=0

The voltage controlled current source g,,2 could be used to increase the bandwidth. The numerator of
Zin can be set to zero by choosing ¢,,2 according to:

Rout + Rf
Igm2 = & 5 4.26
" Rout : Rf ( )
The transimpedance gain with this g,,,2 is Ry, this can also be concluded from equation (4.1)) a piece of
Ry is the input impedance and the other part is the transimpedance gain. Since the input impedance
is zero the transimpedance gain must be equal to Ry.

The loop gain of the TIA is given by the next equation:

(71 + Gm - Rf + gm2 - Rf)Rout

A=
—Rout — Rf + gm2 - Rout - Rf

(4.27)

Cparasitic:O

With this g2 the loop gain A goes to infinity. The noise generated at the output node is cancelled
because of the loop gain. Since the noise of the feedback resistance is directly input referred the noise
of the feedback resistance is not cancelled by the infinite loop gain, choosing the feedback resistance
large gives less input referred noise.

4.2.1 Parasitic effects on the bandwidth extension

The parasitic capacitances in the circuit are shown in figure the light grey capacitances are the

parasitics.
Vf Rout

Vin
L C !
E23 T n B
-
Figure 4.10: Parasitic capacitances of the common source TIA with bandwidth extension
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The frequency behaviour of the TTA is estimated with a second order filter characteristic, with a zero
and two poles.
The bandwidth is described as:

gm - Rout +1
= 4.28
0 \/ Rout - Ry (CinCy + CinCy + C1Cy) (129

The voltage controlled current source (g,2) is not present in the relation for the bandwidth, this is
because the TTA is modelled as a second order filter. The g,,,2 in this model has effect on the Q-factor
of the filter. The Q-factor determines the flatness of the frequency transfer and can therefore increase
or decrease the bandwidth of the TIA, for large Q-factors the bandwidth is higher than for a lower
Q-factor.

70 L T 11 1 11 1 1 A1 B R MR
60 - S a
E‘ 777777777777777777777777777777777777777777777777 s |l
=
= 50p--r--r--r-—r | .
3
=
T
< 40f i
S
= - Stable
30 |—— Stable i
----Unstable
20 I 1 1 1 11 S W 11 S 171 B S N 11 B BT 171 W 111 R AW \\\\ L
10 10" 10* 10® 10* 10° 10° 107 10® 10° 10' 10"
Freq [Hz]
Figure 4.11: Frequency transfer for different Q factors
0= \/Rout . Rf(OmOl + Cme + Cle)(gm - Rout + 1) (4.29)

Rout : Rf (g’m : Cf —9m2 Czn) + Rf (Cf + Czn) + Rout (Czn + Cl)

The voltage controlled current source g,,2 determines the stability of the circuit, the Q-factor is also
a measure for the stability of the circuit. For a butterworth filter characteristic the Q-factor should
be % to have a maximally flat frequency transfer. Three case with different Q-factors are shown in
figure [£.11] Here can be seen that for high Q the bandwidth increases, but for too high Q-factors the
TTA is oscillating. The gain and phase for the peak frequency (@ > 1) cause the TTA to oscillate.

The bandwidth can be influenced by three parameters: Rou:, gm and Ry. These parameters can be
chosen freely in the design. The capacitances are parasitic behaviour and are therefore harder to
change to the desired values. The output resistance of the TIA, R,,: is chosen small to have a large
bandwidth. ¢, is chosen large but a too large g, results adding significant capacitance to Cj,. The
feedback resistance is chosen with respect to the SNR and the bandwidth, a large R creates a large
SNR, a small Ry creates a large bandwidth.
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4.2.2 Design of the voltage controlled current source

The voltage controlled current source (g,2) is implemented with a differential amplifier, taking the
current output, the transistor implementation is shown in figure [4.12(a)l The TIA circuit with g2 is
shown in figure

P[P P1 ||| P2

current
N4 source A gmNZl@ gmN3 VB

(a) Transistor implementation ) Small signal model

Figure 4.12: Voltage controlled current source

The relations for g,,2 are derived with the aid of the small signal model of the differential amplifier.
A partial small signal model is shown in figure [4.12(b)|

1A = VA" Gmpo
1B = UB * Jmuys
1 =14 —1B = VA 'IGmpys — UB " Gmns

i= (va —VB) - gm2] (4.30)

Im o =9m N3 =9m?2

The tail current source is used to tune g,,2.

The parasitics of the transistors influence the circuit behaviour, the output resistances of transistors
N2 and N3 and of the current mirror decrease the g,,. gm2 is the effective VI gain of the differential
amplifier and is given by . The output resistance in the branch of N3 also helps decreasing R,
of the TIA circuit, which is good for a high bandwidth. The parasitic capacitances added by the
voltage controlled current source increase C'y and Cloy:, seen in figure

m m 1
Gz = Imns ;g N3 Z - (431)
t={N2,N3.P1,p2} M

Where t is the transistor indication, N2 and N3 the input transistors and P1 and P2 the current mirror
transistors.
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4.3 Design of a common source TTA with bandwidth extension

The TIA is designed and simulated in a CMOS 65nm triple well process.

Designing the TIA is done in two steps: first the traditional common source TIA is designed and then
the voltage controlled current source. The bias conditions of the traditional common source TIA are
important for the voltage controlled current source. At last the two segments are added together and
the biassing conditions are checked using a DC simulation. The transistors are designed using ProMost.

Rout |:

| |

Al

e IT
MET

|_|

N2 N3

—{ [N4

Figure 4.13: Transistor implementation of the common source TIA with bandwidth extension

4.3.1 Common source TIA

The DC voltage Voyr is preferably as high as possible, in
this way the input transistors N2 and N3 of the voltage
controlled current source can have a sufficient Vgr, see fig-
ure The Vgg of these transistors is limited by the
voltage drop over the tail current source.

A high Voyr also gives a high Vg for the TTA transistor
(N1) and this is undesired, because the current increases
quadratically with Vigg where g, increase linearly.

A good compromise is Voyr = 700mV: for this value of
Vour the current through the transistor is not unnecessar-
ily high for the wanted g,,. Higher value for Voyr give a
large increase in current Ip o V2, but a smaller increase
in gy < Var. The Vg is a bit lower, because of the dark

Figure 4.14: Traditional common source
TIA

current of the diode, this difference is about 5-10mV varying on the feedback resistor value. Transistor
N1 is designed with W=40pum and L=60nm, L is chosen minimal length for a maximum g,,, W is
chosen such that the gate capacitance is about 10% of the diode capacitance, ~ 50fF. The resulting
parameter values are listed in table note that these results are with R,,; = 10092 and Ry = 5001).

type | Sv;
Vor | 341mV
VDS 705mV
Ips | 4.94mA
W% 40pum

L 60nm
Fold | 40

Im 28.7mS
Tds 272 Q

Table 4.1: Parameters of transistor N1
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4.3.2 Voltage controlled current source

The VI gain of the voltage controlled current source is estimated with equation (4.26)). Note that R,
in (4.26)) is the parallel connection of R, in the circuit and r4s, the output resistance of transistor
N1. R, is the parallel connection of the two resistors.

R, + Rf
Im2 = & 5
R, R;

o Tds; * Rout

B Tdsq + Rout

gma = 16mS. The g, of transistors N2 and N3 is estimated with equation (4.31)) assuming u ~ 6 for
the transistors. This gives g, ~ 24mS for transistors N2 and N3. Note that this gives an approxi-
mation of the g,,2 and this does not guarantee that the system is stable and at its maximum bandwidth.

P1 ||| P2

600mV

P1| [ P2 )
i 700mV _{ N2 N3 }7700mv

v i . 3% 200mv

" — | N4

(a) Node indication (b) Bias voltages
Figure 4.15: Voltage controlled current source

The voltages V4 and Vp of the voltage controlled current source are defined respectively by the volt-
ages Voyr and Vgg of the TIA. The transistor type chosen for the transistors N2 and N3 is a low Vi
type, this enables a large g, with a smaller Vigg. The Vpg of transistor N4 is chosen 200mV, to have
a large Vg for transistors N2 and N3 and enough voltage headroom to stay in the saturation region.
The Vpg and Vgg value for transistor P1 is chosen 600mV.

The transistor parameters are listed in table [£.2]

Table 4.2: Transistor parameters for the voltage controlled current source

(a) N2&N3 (b) P1 & P2 (c) N4
type | Lv, type | Ly, type | Sv;
Vaor | 255mV Var | 209mV Var | 276mV
VDS 500mV VDS 500mV VDS 200mV
IDS 2.35mA IDS 2.29mA IDS 4.7mA
W 45um W T5pum W 75um
L 60nm L 60nm L 60nm
Fold | 45 Fold | 75 Fold | 75
Im 21.6mS Im 18.59mS Im 32.81mS
Tds 323 Q Tds 363 Q Tds 97 Q
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4.3.3 DC simulations

The biassing conditions change when the entire circuit is simulated: the dark current of the photodiode
gives an initial voltage over the feedback resistance, the voltage controlled current source therefore give
a DC current that influences the bias conditions. The influence of the voltage controlled current source

is not significantly on the bias conditions.

still in saturation.
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:] |
|
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Figure 4.16: Bias conditions of the bandwidth extension TIA

With the tail current source the g,,> can be change significantly, with this tail current source the circuit
can be tuned stable and with a maximum bandwidth. The updated transistor bias condition can be

found in table 4.3

N1 N2 N3 N4 P1 P2
type S Vr L Vr L Vr S Vr L Vr L Vr
Vaor | 325mV 284mV 293mV 342mV 238mV 230mV
Vps | 689mV 428mV 537TmV 152mV 620mV 511mV
Ips | 445mA | 2.96mA | 3.29mA | 6.25mA | 2.96mA | 2.64mA
W 40pm 45pm 45pm 75pum 75pum 75pum
L 60nm 60nm 60nm 60nm 60nm 60nm
Fold | 40 45 45 75 75 75
Im 27.44mS | 24.45mS | 26.18mS | 32.19mS | 21.68mS | 20mS
Tds 287 Q) 268 ) 264 Q) 44 Q 332 Q) 332 Q)

Table 4.3: Transistor parameters for the voltage controlled current source
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Chapter 5

Simulation results

The simulation results of the noise cancelling TTA (section and the bandwidth extension TTA
(section are given in this chapter. The simulation results of the noise cancelling TIA are given in
section [5.1} The noise and frequency behaviour is shown and explained.

The simulation results of the bandwidth extension TIA are given in section [5.2] The -3dB bandwidth
of the traditional common source TIA is compared to the bandwidth extension TTA.

Finally in section[5.3|the performance of a few published TIAs are compared to the bandwidth extension
TTA.

5.1 Noise cancelling TTA

Simulations are done with the noise cancelling circuit shown in figure [£3] The actual design of the
common source TTA with noise cancelling is given in appendix [A] These simulations are done with a
TTA bandwidth of about 5GHz. The results for the noise cancelling TTA give insight in the signal and
noise behaviour. The effect of v, is discussed and explained by frequency responses.

o

Vs

Re1
+ | \éut

Vgs zz),% %Cin )

-

Figure 5.1: Frequency response of the noise cancelling TTA
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CHAPTER 5. SIMULATION RESULTS

5.1.1 Input signal

The frequency responses of (Vout — Us)/iin and vs/i;, are shown in figure Note that v, is a virtual
ground for 4;,, ideally the input signal would be zero.

20 - Logio(H (jw)) [dB]

60 T TTTTT T TTTT T T TTTT T TTTTT T T TTT T TTTTT T TTTTT T T TTTT T TTTTT T TTTTT T T TTTT T TTTTT
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Freq [Hz]

Figure 5.2: Frequency response of the noise cancelling TTA

The frequency transfer of v /i;, gives the virtual ground dependant on frequency, for low frequencies
the difference of ~45dB results in a good virtual ground. For higher frequencies the difference is de-
creased to~20dB which results in a more worse virtual ground, the effect however is hardly recognizable
in the frequency response of (Voyut — Vs)/iin-
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5.1. NOISE CANCELLING TIA

5.1.2 Noise

Figure[5.3|gives the TIA frequency response and the frequency response for the noise Hy, ., .. Hn,.,_.
given by equation and the parameters listed in table give a calculated -3dB noise bandwidth
of approximately 517MHz and -3dB TIA bandwidth of approximately 4.6GHz. These numbers are
calculated with an approximation of the noise bandwidth and TIA bandwidth, the parasitic capacitance
are not taken into account. The simulated bandwidths for the frequency responses are shown in

figure 5.3

60 T \\\HH‘ T \\\HH‘ T \\\HH‘ T \\\HH‘ T \\\HH‘ T \\\HH‘ T \\\HH‘ T \\\HH‘ T \\\HH‘ T T T 11000 10
T
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3 201 =
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—20 | - Uout/vs
_30 N 1 1 O O N T O I | N N A | e B A _80
102 10* 10* 10° 10 107 10% 10° 10'© 10'' 10'2

Freq [Hz]
Figure 5.3: Frequency response of the noise cancelling TTA

Ideally for the noise cancelling to work the bandwidth of the noise should be equal or larger then the
signal bandwidth.
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CHAPTER 5. SIMULATION RESULTS

Figure [5.4] gives the frequency response of the input referred noise density of the noise cancelling TTA
and the traditional TTA.

—150 L L AL L A LA L R AL AL R AL S R L R L R AL
~160 ,\\\ —— Noise cancelling TTA (voyut — vs) |
\\ --- Traditional TIA v,y
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Figure 5.4: Frequency response of the input referred noise

This figure clearly shows the effect of the limited bandwidth for H, ,, ... For high frequencies the
input referred noise density of the noise cancelling TTA increases. This increase in input referred noise
density starts at the frequency where the noise transfer has its -3dB point, 447MHz. The result
of this increase at these high frequencies is a large integrated input referred noise current.

The input referred noise density of the traditional TTA crosses the input referred noise of the noise
cancelling TTIA at 3.4GHz. The -3dB bandwidth of 5.2GHz for the two TIAs is also given in the figure.
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5.2. BANDWIDTH EXTENSION TIA

5.2 Bandwidth extension TIA

The simulation results of the bandwidth extension TIA are presented in this section; the cadence
circuit is shown in appendix [B] Bandwidth and noise behaviour of the bandwidth extension TIA is
compared with the traditional common source TIA. Also mismatch and spread simulations are done
for the bandwidth extension TTA.

5.2.1 Bandwidth

The -3dB bandwidth of the bandwidth extension TIA (with g2, figure [4.13)) is compares with the
traditional common source TIA (figure [3.2); the results are shown in figure This comparison is
based on equal transistor parameters for transistor N1 and with equal feedback resistances.

60 L 1t 1 11 11 1 11 1 R B BRI
] .
40 - -3dB@1.5GHz 1
2 30 .
Q -3dB@4.7GHz
2 20
=
g 10|
Q
~
o 0
a
_107
—— Bandwidth extension TIA
=20 --- Traditional TTA .
_30 T T T T O Y1 S O T O S T S I T A I AT | B B WA
10° 10' 10% 10 10* 10> 10% 107 10%® 10° 10'0 10t 10'2

Freq [Hz]
Figure 5.5: Frequency response of the traditional TIA and bandwidth extension TTA

The effect on the -3dB bandwidth is clearly visible, the bandwidth is extended by approximately a
factor 3.
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CHAPTER 5. SIMULATION RESULTS

5.2.2 Noise

The noise performance of the TIAs is given by the integrated output noise of the system. The integrated
noise of the TTAs is listed in table the integrated noise of the traditional TTA is larger compared to
the bandwidth extension TTIA. The influence of g, is seen in the integrated noise, where the bandwidth

extension TIA has a larger -3dB signal bandwidth and less integrated noise.

The output noise density of the TTAs is shown in figure The output noise density of the traditional
TTA compared to the bandwidth extension TTA is higher for frequencies larger than 11GHz, this causes
the integrated noise to be larger for the traditional TIA. The output noise density of the bandwidth

extension TTA is higher for frequencies below 11GHz because ¢,,2 generates noise.

40
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Figure 5.6: Output noise density of the traditional TIA and the bandwidth extension TTA

Table 5.1: Integrated output noise summary from 1Hz to 1THz

(b) Bandwidth extension TIA, fig-
(a) Traditional TIA, figure ure and

Transistor (T) | 59.46 % Transistor (T) | 23.15 %

Rout 33.85 % Ry 18.89 %

Ry 7.46 % Transistor (2) | 15.86 %

Total Un.., = 633uV Rout 11.59 %

Input referred | iy,,, = 2.250A4 Transistor (B) | 10.66 %
Transistor (A) | 7.61 %
Transistor (1) | 6.35 %
Total Un,., = 490uV
Input referred | v, , = 1.1uA




5.2. BANDWIDTH EXTENSION TIA

5.2.3 Mismatch and spread

Mismatch simulation using Monte Carlo (100 runs) give good results for the bandwidth extension TTA.
The TIA is calibrated using g,,2 in a stable position with a certain bandwidth, the results of the Monte
Carlo simulation are that the fluctuations in bandwidth is limited to maximum 3%. The bias volt-
ages of the TTA do not change significantly, roughly about 7mV compared to the nominal bias voltages.

The spread is simulated using 4 different process corners and the nominal setting. The TTA is simulated
for 5 different signal-to-noise ratios sweeping the 4 different corner and the nominal setting. This gives
a bandwidth of the TIA for a corner and a SNR, this bandwidth is plotted and gives this the influence
of the corners for different SNR.

For each corner and SNR the TIA is calibrated using g,,2, the TIA is calibrated for a Q1. g2 is
calibrated using the bias voltage of the tail current source. This simulation gives knowledge of the
tune ability of g,,2 at the different corners. The simulation results are shown in figure

The relative spread in bandwidth is shown in figure [5.7(b)l The relative spread in bandwidth is
BWcorner - BWnominal

calculated: ABW = in percentage.
BWnominal
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Figure 5.7: Spread simulation for different corners swept over SNR

The relative change in bandwidth for the corners fnsp and snfp stays within 3%. This means that the
TIA can be tuned well for the corners. The snsp corner fluctuates more and tuning has less influence.
The most worse corner is the fnfp for high SNR values, this corner is therefore hard to tune.

The relative change in bandwidth for the fnfp corner stays within about 18%, the other corners stay
within the 6% change in bandwidth.
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5.2.4 Constant SNR to Bandwidth relations

A common method for increasing the SNR in voltage-to-voltage and current-to-current amplifiers is
Wh-scaling. However in TIAs W-scaling is more complex because the feedback resistance is not scalable
with W. Normally the SNR increases with increasing W, in a TTA however if W increases the feedback
resistance decreases and therefore the SNR of the TTA decreases.

In this section W-scaling of the transistors and the output resistance of the TTA (R,y¢,figure is
performed to obtain the influence of W-scaling.

The influence is simulated by sweeping the W-scaling factor while maintaining a constant SNR (by
scaling Ry). During the sweeping of the W-scaling factor the bandwidth extension TIA is constantly
calibrated for a Q1. The Q factor is calibrated by changing g2 this is done by changing: 1) the bias
voltage of the tail current source 2) the width of the transistors (additionally to the W-scaling).

The results of the traditional TTA (W and Ry scaling) and bandwidth extension TIA (W, Ry and gm2
scaling) are seen in figure

3.5 T

— SNRy s =6
-4- SNRups =7
—— SNR;ms =8
--- SNR s =9
—0—SNR;ms = 10

BW [GHz]

’ Bandwidth extension TTA

’ Traditional TTA

W-scale

Figure 5.8: Bandwidth for the traditional and bandwidth extension TIA, for constant SNR (Lp =
60nm)

The bandwidth extension is clearly seen, the effect of the g,,2 is significant. The maximum bandwidth
for the bandwidth extension TTA is at the W-scaling factor of approximately 1.8, where the maximum
bandwidth for the for the traditional TTA is at the W-scaling factor of approximately 8. The traditional
TTA uses approximately 2 times more power then the bandwidth extension TTA at its maximum
bandwidth. The ration between the maximum bandwidth of the bandwidth extension TTA and the
traditional TIA are:

SNRyms =6 — 4.5
SNRypms =7 — 4.7
SNRyms =8—5
SNRyms =9 — 5.1
SNR,pms =10 — 5.3
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5.2. BANDWIDTH EXTENSION TIA

If the length of transistor N1 is changed to L=100nm, for the traditional TIA and the bandwidth
extension TTA. The influence of g,, of transistor N1 on the bandwidth is obtained.

3.5 T

- SNers =6
-+- SNRups =7
—— SNers =8
- SNers =9
—0—SNR,ms =10

BW [GHz]

’ Bandwidth extension TIA

| Traditional TIA

W-scale

Figure 5.9: Bandwidth for the traditional and bandwidth extension TIA, for constant SNR (Ly =
100nm)

For the traditional TIA this change has a large influence, the bandwidth is decreased in the order of
200MHz, which is about 18% less bandwidth.

The bandwidth of the bandwidth extension TTA is also deceased in the order of 200MHz, which is
about 4.5% less bandwidth.

Secondly the W-scaling factor at which the maximum bandwidth is located has changed, for the
bandwidth extension TTA this is slightly larger and for the Traditional TTIA this is much smaller.

Bandwidth extension and noise cancelling for TIAs 43
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5.3 Comparing TIAs

This section compares TTA that have already been published to the bandwidth extension TTA designed
in this report. The benchmark it the bandwidth extension TIA simulated with the same Cj,, and input
referred noise

Ref. bandwidth | Gain Noise Cin Power Technology
(GHz) | (dB) | (pA/VHZ) | (F) | (mW)
B3] 2 21.6 46.7 30 200 39.9 65nm CMOS
benchmark | 14.19 38.9 30 200 23 65nm CMOS
6] 2.5 76 73 500 7.2 0.18um CMOS
benchmark | 2.5 60.4 7 500 35.3 65nm CMOS
5] 13.4 52.8 28 220 2.2 80nm CMOS
benchmark | 13.27 39 28 220 25.5 65nm CMOS
[2] ~10 57 35 370 1.8 0.13pm CMOS
benchmark | 13 35.8 35 370 35.5 65nm CMOS
[4] 3.5 60 20 250 16.5 0.5pum 3M1P CMOS
benchmark | 9.84 44.4 20 250 23 65nm CMOS

Table 5.2: Bandwidth extension TTA comparison with already published TTAs

2includes 2 inductors
3<7pA/vHz (0.1-0.9GHz)
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Chapter 6

Conclusion and recommendations

This thesis presents an analysis and extension to the well known common source TIA. The proposed
techniques in this thesis increases the bandwidth while reducing noise. These techniques brought a
new view on the common source TTIA; where the noise-bandwidth trade-off is usually the bottleneck
for high-bandwidth low-noise applications, these techniques enable to shift this bottleneck to higher
frequencies and lower noise.

The noise cancelling TIA could be designed for extreme low noise within the noise bandwidth of the
TIA. This TTA is therefore a good solution for low-noise and low-bandwidth applications.

The bandwidth extension TTA employs active (asymmetric) feedback that yields a larger bandwidth
for a specified noise level. In comparison with the traditional common source TIA, the bandwidth
extension TTA gives a factor 4 larger bandwidth.

The ability to tune the voltage controlled current source of the TIA has a lot of advantages. One of
these is keeping the influence of spread within bounds. Also the TTA could be tuned to be stable and
with a large bandwidth.

The bandwidth extension TIA presented in this thesis could be used in digital optical receiver systems
designed in 65nm standard CMOS. This TIA is designed for data rates of 5.2Gb/s, with an SN R,.,,s =
8 (BER = 10712), for an input current i,,,s = 3.263uA and a power consumption of 20mW.

6.1 Recommendations

The input capacitance and the parasitic capacitances at the output limit the TIA bandwidth. The
output parasitic capacitance are not clearly known, since the designs in this thesis have not been veri-
fied with layout extraction simulations. The layout extraction could potentially reveal other parasitic
influences that have effect on bandwidth and noise characteristics of the TTA.

Further research on parasitic capacitances is preferred. The TIA bandwidth can be enlarged by
reducing and cancelling (parasitic) capacitances. The recommended node to investigate reduction and
cancelling of parasitic capacitances is the output node of the TIA. Cancelling the input capacitance
with an active circuit could add too much input referred noise. Cancelling parasitic capacitances at the
output with an active circuit gives noise at the output which results in input referred noise attenuated
by the transimpedance gain.
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Appendix A

Noise cancelling TIA design

The design of the noise cancelling TIA is given in this chapter, the bias conditions and the circuit
parameters. Figure gives the bias conditions of the noise cancelling TIA and table gives the

circuit parameters.
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970mV
130mv [
ssomv  Re
Vo —_+—-
550mV
+
R H 990mV
1 N2
2
50mV \éut
550mV N

+
Vgs zz},z% % Cin

-

Figure A.1: Bias conditions of the single stage cascoded TIA with resistive feedback

The transistor parameters of the circuit:

Table A.1: Circuit parameters for the noise cancelling TTA

(a) Impedances (b) Transistor parameters

Ry | 530 N1 N2 P1 P2
Ry | 4209 type | Sv,. Ly, Ly, Ly,

C; 650fF Vor | 325mV 284mV 238mV 230mV

Vps | 689mV 428mV 620mV 511mV
Ips | 4.45mA | 2.96mA | 2.96mA | 2.64mA
W 40pm 45pum 7Hpum 7Hpum
L 60nm 60nm 60nm 60nm
Fold | 40 45 75 75

Im 27.44mS | 24.45mS | 21.68mS | 20mS
Tds 287 Q) 268 ) 332 Q 332 Q
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Appendix B
Bandwidth extension schematic
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Figure B.1: Cadence circuit of the bandwidth extension TTA
The sources V2 and V5 are used to observe the transient stability, these source give a pulse within

both the loops in the circuit.
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