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Abstract—A hierarchical design methodology for wide
bandwidth photoreceiver front-ends is presented in this pa-
per. We propose a unified approach for both optoelectronic
and electronic components in the front-end. This approach
enables us to improve system performance by considering
design constraints in both domains, which is impossible with
traditional segregated design flows. Based on a hierarchical
synthesis platform aimed at fast multi-domain system design
automation, we optimize the photodiode structure and CMOS
transimpedance amplifiers for different technology nodes with
accurate performance prediction.

Index Terms— photodiode, transimpedance amplifier, de-
sign methodology, optical link

I. I NTRODUCTION

The increasing demand for high speed data communi-
cation in the telecommunications, networks and comput-
ing sectors has engendered needs for low cost solutions
with channel bandwidths in the Giga-Hertz range. Optical
communication systems provide these services for long-haul
communication, local networks, board-to-board, chip-to-
chip and in the future even on-chip communication. Thanks
to the monolithic integration of optical and electronic compo-
nents in OEICs (OptoElectronicIntegratedCircuit), superior
performance can be achieved with significant cost reduction.

A typical optical link transmits digital signals but is com-
posed of three components of essentially analog nature [1]:

(i) the transmitter, which converts the digital electrical input
to an optical signal;

(ii) the transmission medium, representing waveguide, fiber
or free space between optoelectronic components;

(iii) the receiver, which converts the optical signal to a digi-
tal electrical output.

Of these, the receiver is the part that presents the greatest
limit to high-speed performance, because in general the pho-
todiode capacitance at its input is large and directly influ-
ences the bandwidth of the system. The receiver is com-
posed of several functional blocks; in this work, we focus
on the photoreceiver front-end. Sizing of such blocks is a
problem representative of many for which existing design
technology is inadequate due to theircomplexityandhetero-
geneity. Concerning the complexity, a simple photoreceiver
can be implemented with a minimum of two blocks. At high

frequencies we need to take all parameters into account, and
consequently the set of design parameters increases. Effi-
cient evaluation of these circuits is increasingly difficult and
requires long CPU times.
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Fig. 1. Multi-domain system example: integrated optical receiver

Generally, sizing at transistor level becomes prohibitive
above a certain number of transistors since the number of de-
sign parameters, N, is of the same order of magnitude as the
number of transistors in the block. If the number of solutions
visited for each individual design parameter is represented by
s, the time necessary for each evaluation carried out during
the design process byTe, and the parameter generation time
by tg, then the total design timetd is:

td = (Te+ tg)
N

∏
i=1

si (1)

which is clearly impractical for large blocks. For this rea-
son, we must use techniques to simplify the design problem
and reduce its complexity; design tools capable of handling
design problems through several hierarchical loops are there-



fore necessary. As concerns heterogeneity, the photoreceiver
contain two components of different physical type, a photodi-
ode (optical type) and a transimpedance amplifier (electrical
type).

For synthesis, this is the greatest problem, since no ex-
isting tool is capable of taking heterogeneity into considera-
tion, meaning in our case that the OEIC system is not opti-
mized and the design process inefficient. To illustrate these
last points, fig. 1(a) shows the receiving end of an integrated
optical link. The performance of this link can be simulated
(A) with parameterized behavioral component models to ver-
ify the functionality at the system level, but this gives no clue
as to the physical consequences (area, power, parasitics) of
the choice of parameters. Such information can only be ob-
tained by designing the various components and evaluating
with methods appropriate to the domain (B).

Our solution addresses both problems and consists of
(i) carrying out a top-down design space exploration using
behavioral models to the physical level, (ii) physical sizing
linking directly from a co-synthesis backplane to the various
evaluation tools, as shown in fig. 1(b), and (iii) subsequent
bottom-up design verification using model parameter extrac-
tion. Our methodology has been completely integrated in an
in-house synthesis platform. Key to this approach is the con-
cept of analog intellectual property (IP) blocks. This is an as-
set characterized i) economically, by the notion of ownership
(commercial value, security and protection) and ii) scientifi-
cally, by the notion of re-use in several forms [2].

In this paper we present in detail the various stages that
we have used to implement a complete design methodology
for the photoreceiver. Section II describes the structure of the
IP “blocks” and their use in the design process. In section III,
we present the sizing procedure for each individual block in-
cluding a global automated verification stage in section IV.
We present the results of our work in section V.

II. D ESIGN PROCESS

In the introduction we have explained the need for a hi-
erarchical design flow to solve problems related to the com-
plexity and heterogeneity of high-performance systems. To
this end we require an automated design flow enabling hier-
archical specification propagation. In this section we intro-
duce the basic building block, which must be able to capture
information relating to the design of a particular structure,
i.e:

• how it will be specified and what are its performance
criteria

• how it will be designed and what are its parameters

• how it will be evaluated

A. IP structure

For our design methodology, we will be using optimiza-
tion algorithms within design plans (described in section B),
which require the formulation of an error function to be min-
imized. The way in which we translate user specifications
into an exploitable error function is critical to the success

Category

Topology (1..*)

Analysis

Post simulation code

Option Harness

Simulator harness

Constraint Cost

Condition

Allowable
specification

UnitName

Specification (1..*)

(a) Specification structure

Category

Specification (1..*)

Components

Initial
dimensions

Equation

Heuristics

dimension
Component / Direction

Abstract
dimensions

Physical
dimensions

criteria
Performance

Procedure

Topology (1..*)

(b) Topology structure

Fig. 2. Domain-independent IP structure

of the design phase. Since specifications actually belong to
a classof topologies rather than to one single topology, we
have developed a specification structure depending on a cat-
egory. Topologies belonging to a given category inherit this
common set of specifications, which will be quantified by the
user during synthesis runs (fig. 2(a)).

We classify specifications into three types, each of which
contributes to the global error function to be minimized in
different ways. In the following definitions,ε represents
the individual error function contribution of the particular
specification,Wi represents the weighting function,Ps the
specified performance value andPr the realized performance
value. The three different types of specification are:

• constraints (inequalities) which must be satisfied. Their
contribution to the error function is evaluated as
εcs = Wi |Ps−Pr

Ps
| while the constraint is unsatisfied,εcs =

0 otherwise.

• costs to be minimized. Hereεct =±Wi
Ps−Pr

Ps
depending

on the type of the cost (maximize or minimize).

• conditions (equalities) which represent fixed points with
tolerances. If the real value is outside the tolerances,
thenεcd = Wi |Ps−Pr

Ps
|, εcd = 0 otherwise.

The overall function is the sum of the individual error
functions pertaining to each specification. As an example,
consider the optimization of a fast-inverter with the specifi-
cations shown in fig. 3, whereAv is the voltage gain,Ro is the
output resistance, Pwr is the quiescent power,Vo is the qui-
escent output voltage andFi is a formulation of Kirchoff’s



example of specification set

Av maximize,7
Ro(KΩ) ≤ 1K

Pwr(mW) ≤ 4.5m
Fi = 1.0

Vo(V) = 0.5

Fig. 3. Fast-inverter specification

current law represented byFi = |IdsMn/IdsMp|. The notation
εc meansεc(Wi ,Ps,Pr ,ST) where ST being the specification
type. The total error of this optimization problem is :

εt = εct(Av)+ εcs(Ro)+ εcs(Pwr)+ εcd(Fi)+ εcd(Vo) (2)

Once the error function has been created, each perfor-
mance criterion must be evaluated and compared to its spec-
ified value. To evaluate each performance criterion, the user
creates a simulation harness object which represents the var-
ious elements necessary to one simulation: the simulator
command, options and analysis type, the harness file, and
the post-simulation function to be applied. The harness file is
created from a raw netlist, whereby it includes at run time the
topology netlist and the design parameter values. It should be
noted that for topologies belonging to the same category, the
simulation harness for a given performance criterion is the
same. Only the topology instance changes in the final netlist,
as shown in fig. 4.

The post-simulation function translates the simulation re-
sults file into the performance to be calculated. A library
of performance evaluation functions has been created, each
operating on input and output signals, and some requiring
certain accuracy control arguments.
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Thetopology, a key element in the platform, is comprised
of several elements (fig. 2(b)):

• synthesis information for specific design methods (an
explicit procedure or heuristics, for example).

• objective performance indicators, which can be:

specified
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– either a system of evaluation equations, formu-
lated in terms of the physical dimensions of the
topology,

– or a link to a numerical simulation harness com-
mon to all topologies of one type (category), in-
stantiating the topology under certain test condi-
tions and targeting specific analyses.

For each performance criterion, the user can capture an
analytical equation in C-like code as well as various
heuristics. A corresponding evaluation class is created
and compiled, an instance of which can subsequently be
dynamically loaded and used in each evaluation loop.

• individual dimensions: two types are used here, since
we make an essential distinction betweenabstractand
physicaldimensions. The former represent the indepen-
dent design variables that can be extracted from a for-
mal representation of the optimization problem, while
the latter are derived (usually explicitly) from the ab-
stract dimensions for evaluation purposes. For exam-
ple, a CMOS transistor is usually sized (abstract dimen-
sions) by length and W/L ratio to distinguish influences
on intrinsic gain and output conductance; whereas for
evaluation purposes (physical dimensions) the absolute
width and length values are calculated explicitly from
the abstract dimension values.

B. Design Plan

The manner in which the elements in the topology IP are
exploited during the design process is formalized by adesign
plan, representing a sequence or a loop of sizing methods.
The capability of drawing on a library of homogenized al-
gorithms to build a large range of design plans is attractive,
since the user can tailor the plan to the application without
having to worry about low-level algorithm code details.

Fig. 5 shows what happens between performance evalu-
ation for one set of dimensions, and generation of the fol-
lowing set. The error function is computed from specified



and evaluated performance values, as previously described.
The current algorithm in the design plan stack is called for a
method “hit” (one iteration) based on the algorithm’s toler-
ances, design history and constraints and (according to user
needs) heuristics. A new set of abstract dimensions is gener-
ated and translated into physical dimensions for evaluation.

III. PHOTORECEIVER DESIGN METHODOLOGY

We now present the implementation of our design
methodology for the design of high-speed CMOS photore-
ceivers based on a PIN photodiode and transimpedance struc-
ture (fig. 6)[3]. The PIN photodiode is exposed to a light
source of wavelengthλ and optical powerPo, and generates
a currentIph according to its photoresponsivityRd. The role
of the transimpedance amplifier (TIA) is to convert the pho-
tocurrent to a voltageVo, the whole operating at data rateD.
We have used relatively simple blocks in order to demon-
strate the feasibility of synthesis of the photoreceiver.

Cd

−Av

Cl
Vo

Ii

Rf

Ci

Cm

M1

M2

Vi

Cy = Co +Cl

Co

Vo
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Fig. 6. Photoreceiver structure and equivalent transimpedance model.

The design methodology for the photoreceiver is based
on three principal ideas. The first is to decompose the pho-
toreceiver system into blocks based on their type and circuit
structure complexity. The flow model shown in fig. 7 uses
four blocks at three hierarchical levels. Each block specifica-
tion holds information related to its design and evaluation as
described in section II. The second idea is to define, for each
block, procedural design methodologies, taking into account
their respective positions in the hierarchy. The third idea is
to develop a sizing methodology for each block at one hierar-
chical level, to verify that specified performance criteria are
attained for all blocks at a given level. We will detail this
further in this section.

It should be pointed out that our design objectives were (i)
to maximize the bandwidth and minimize the power dissipa-
tion, and (ii) use the fixed structures defined in fig.6 (resistive
feedback TIA). These objectives are sufficient to define the
design problem completely and enable the explicit calcula-
tion of the dimensions of the structure. For this reason, the
noise has not been considered as an objective in the design
problem, although there is no reason why it could not han-
dled with the described multi-domain synthesis approach.
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A. Optical receiver

At this level we represent the optical receiver with elec-
trical models [1], regardless of the physical structure of the
photodiode. For this reason we have used an equivalent elec-
trical model such as that used in Spice [4]. The specifications
used at this level are the data rateD, optical input powerPo,
wavelengthλ , supply voltageVdd and load capacitanceCl .
The design parameters concern the photodiode (responsivity
Rd, bias voltageVd, -3db frequencyfc of the PIN photodiode
and diode capacitanceCj ) and the TIA (operating voltages
Vi , Vo, Vdd, transimpedance gainZg and electrical bandwidth
BWe). In order to calculate the photo-current, we require the
time constantτopt, which is an average of two phenomena
(drift and diffusion) (equation 3).

τ2
opt = τ2

di f f + τ2
dri f t ⇒ τopt =

√
τ2

r − τ2
RC (3)

where the expression for the rise timeτr and the time con-
stantτRC is shown in fig. 8(a).

The junction capacitanceCj of the PIN photodiode is
calculated by an approximate expression used in the Spice
model (equation 4). This depends on the diode bias voltage
Vd, the relative capacitance value at zero bias voltageCj(0),
an empirical factorm and built-in voltageΦbi (this value de-
pends on the wavelength).





Cj = Cj(0)(1−β Vd
Φbi

)−m si Vd ≤ 0

Cj = Cj(0)(1−βm Vd
Φbi

) si Vd > 0
(4)

The system of equations used for the photoreceiver is
shown in fig. 8(a) whereRs is the intrinsic series resistance,
Rshunt is the shunt resistance andId is the current of the ideal
diode. This system was implemented in an HDL-A1 behav-
ioral model, and was validated at both static and dynamic lev-
els with experimental measurements of high-speed InGaAs
photodiodes from Hamamatsu, giving an error of less than
5% [5].

1Analog hardware description language



Electrical PIN model

Itot = Id + I j + Ishunt− Iphoto

Ishunt=
Vd

Rshunt

I j = Cd
dVd
dt

Id = Isat

(
e

qVd
nideal

kT−1

)

τRC = RL ∗Cj

τr = 0.35
fc

V = Vd +RsIt

RdPo = Iphoto+
τopt

2.2
dIphoto

dt

(a) System of equations for photodi-
ode electrical model
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Fig. 8. High-level design procedure for optical receiver

The behavioral model of the TIA is, at this level, a simple
linear first-order transfer function :

vout =
Zg

1+ s
2πBWe

vin (5)

The input impedance of the TIA is simulated by the load
resistanceRL. At the beginning of the sizing process, its
value is estimated according to TIA specification parameters
(Zin ≈ Rf /Av). During later iterations, its value is extracted
directly from transistor level simulations.

Both behavioral HDL-A models are included in an Eldo
netlist, in which the simulation harness is also described.
Care must be taken to constrain the sizing problem correctly:
for example, taking too small a limit for the photodiode re-
verse bias voltage will result in over-constraint and the pro-
cess will not converge; but too high a limit will place severe
constraints on the operating region of the photodiode. We
constrainedVd < 2Vdd, supposing separate supply voltages
to the TIA and photodiode.

The sizing methodology is based on a direct search opti-
mization algorithm [6], for which an explicit procedure for
starting point generation is required. In this case, the initial
value of responsivity is fixed at the maximum to extract a
sufficient photocurrentIph; for bias voltageVd we extract it
value by equation (fig.8(a))Vd =V +RsIph whereIph = RdPo

andV = Vdd/2.
The local step search is as follows (fig. 9):

1. starting from the current point,Xn, apply fixed incre-
ments to each of them variables. The user-defined in-
crement∆X, is first added toXn

m,

2. if ε is not reduced,∆X is subtracted fromXn
m,

3. if ε still not reduced,Xn
m is restored to its original value.

4. providing that at least one variable is successfully incre-
mented, a new better pointXn+1 will have been found:
this becomes the new base point.

5. following a successful exploratory move, perform a pat-
tern move by stepping along the line connecting the new
Xn andXn+1, the new computed point isXn+2.

6. if no variable is successfully incremented, the increment
∆X is too large and so is reduced according to the user-
defined scale factor.

7. termination of the algorithm search is controlled by
max. number of iterations

BEGIN

n = 0 (iteration number)

ε0 = ε(X)

WHILE (n < NMAX)

(NMAX: max.no of iterations)

m= 0 (dimension number)

WHILE (m< MMAX)

(MMAX: max.no of dimensions)

Xtest
m = Xn

m+∆X

IF ε(Xtest) > ε0

Xtest
m = Xn

m−∆X

IF ε(Xtest) > ε0

Xn+1
m = Xn

m

ELSE

Xn+1
m = Xtest

m

END IF

ELSE

Xn+1
m = Xtest

m

END IF

m++

Xn+2 = 2Xn+1−Xn

n++

END
Fig. 9. Direct search algorithm

Cycle evaluation is shown in fig. 8(b). The performance
criteria values are extracted directly throught the use of a
function library for processing the results file of electrical
simulations. Where the simulation using the behavioral mod-
els carries out a frequential analysis, the optical signal is
modeled by a voltage source with amplitude equal to that of
injected optical power. Bandwidth is extracted at -3dB using
the post-processing function library, and extrapolated to the
data rate usingD≈ 1.4BW to retrieve sufficient signal power
above the fundamental. The block parameters are transmit-
ted from the platform to the simulator. The evaluation cycle
is based on total error calculation as explained in section A.
The CPU time depends directly on the tolerance precision.



B. PIN photodiode

In order to evaluate the photodiode performance during
the physical sizing process, we used an internally developed
calculator which is based on standard PIN photodiode equa-
tions from the literature, shown in fig. 11(a) [7, 8]. The phys-
ical structure of the PIN photodiode is shown in fig. 10(a).
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Fig. 10. Physical representation of PIN photodiode

At this level, the specifications are the photoresponsivity
Rd, junction capacitanceCj , photocurrentIph, wavelengthλ ,
cutoff frequencyfc, and series resistanceRs. We also define
material parameters such as energy gap, average carrier mo-
bility, absorption coefficientα at the required wavelength as
shown in fig. 10(b). The value ofα is fixed in this work since
λ is known. To enable a choice of wavelengths,α should be a
table of values.Rj represents a parallel resistor, which mod-
els the reverse, leakage, or dark current of the photodiode.
It is usually very large and can be neglected in most cases.
The value ofRj in our case is fixed at20GΩ.The abstract di-
mensions to be used in the sizing process represent the diode
structure: width of intrinsic zone thicknesswd, areaA.

The sizing procedure of the photodiode is again based
on a direct search optimization algorithm. In this case, the
initial value of wd is calculate bywd = log(1−Rd)/α and
A = Cjwd/ε. Fig. 11(b) shows the interdependency between
abstract and physical dimensions, specifications and material
parameters.

The choice of wavelength influences the choice of semi-
conductor material, for which the absorption coefficient is
the essential parameter. The maximum value for detectable
wavelength for a material of know bandgap energyEg is:

λ <
1240
Eg

(6)

In our case we have used InGaAs semiconductor material

System equation of PIN calculator

Cj = ε A
wd

Rf = (ni−1
ni+1)2

f c =
√

(I ph Rj )2+1
2πC j Rj

Rs = ws−wd
A ρ +Rc

Rd = 1− 1
exp(α wd)

Iph = (1−Rf ) Rd Po e
h ν

(a) System of equations of PIN calculator
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(b) Design procedure for PIN photodiode

Fig. 11. Evaluation and design flow for PIN photodiode

for which the bandgap energy value is 1.424 eV, and the value
of λ is limited to 0.8-0.87µm.

C. TIA

The basic transimpedance amplifier structure in a typical
configuration was shown in fig. 6. We target CMOS tech-
nology and as such we can replace the amplifier block by a
model with capacitive input impedance.

The complete circuit model that we use for this first anal-
ysis is shown in fig. 12 (note that we model the photodiode
simply as a current source with parasitic capacitance).

The expression for the transimpedance gainZg is then:

Zg(s) =
vo

i i
=

Zg0 +a1s

1+b1s+b2s2 (7)

where:

Zg0 =
Ro−Rf Av

1+Av

a1 =
CmRo

1+Av

b1 =
Cx(Ro +Rf )+CyRo +CmRf (1+Av)

1+Av
=

1
ω0Q

b2 =
RoRf (CxCy +CxCm+CyCm)

1+Av
=

1

ω2
0



In these expressions,Cx = Cd +Ci andCy = Cl +Co. The
system described in (7) is one of second order. By identifi-
cation, and introducing the multiplying factorsM f = Rf /Ro,
Mx = Cx/Cy andMm = Cm/Cy, we have expressions for pole
angular frequencyω0 and quality factorQ as shown in equa-
tions (8,9).

Rf

Cm

Cdi i voClCo-Avvi

Ro

-

+

Ci

Fig. 12. Equivalent transimpedance model.

ω0 =
1

RoCy

√
1+Av

M f (Mx +Mm+MxMm)
(8)

Q =

√
M f (Mx +Mm(1+Mx))(1+Av)

1+Mx(1+M f )+MmM f (1+Av)
(9)

Note that in our work we have neglected the effect of the
zero caused by the Miller capacitanceCm.This assumption is
true as long as

Av >
M2

m

M f (Mx +Mm+MxMm)
−1 (10)

which is likely to be valid if the Miller capacitance is
merely the parasitic gate-drain capacitance in the internal
amplifier[9]. Sizing is iterative using a simple bisection al-
gorithm [10], including a boundary detection and extension
mechanism (fig. 14). This application converged systemati-
cally in under a second (typically a few tens of iterations) to
a precision of better than 0.01% on a Sun Ultra 5 worksta-
tion. The desired TIA performance criteria (transimpedance

Vary M f by bisection and calculate

if Mm 6= 0

if Mm = 0Av = b2Q2

M f Mx
−1

Av = a−2bcQ2±
√

a2−4abcQ2

2c2Q2 −1

until |Zg0−Z′g0|< ε

c = MmM f

b = 1+Mx(1+M f )

a = M f (Mx +Mm+MxMm)where:

Z′g0 = Ro−Rf Av
1+Av

Rf = M f Ro

Ro =

√
1+Av
MxMf

ω0Cy

Fig. 13. System of equations used in design procedure for TIA

error

Q = Q
Mm = Cm/Cy

Mx = Cd/Cy

Cy = Cl

Zg0 = Zg0

|Z′g0−Zg0|M f Z′g0

ω0 = 2πBW

Q, Cd, Cl

Zg0, BW,

Z′g0 = f (Av,Rf ,Ro)
Rf = f (Ro,M f )
Ro = f (Av,M f )
Av = f (M f )

Fig. 14. Design procedure for TIA.

gainZg, bandwidthBWe and quality factorQ) and operating
conditions (photodiode capacitanceCd and load capacitance
Cl ) allow generation of component values for the feedback
resistanceRf and the voltage amplifer (open loop gainAv,
output resistanceRo).

Taking into consideration the physical realization of the
amplifier, those with requirements for low gain and high out-
put resistance (highRo/Av ratio) are the easiest to build,
and also require the least quiescent current and area. We
have plotted this quantity against the transimpedance ampli-
fier specifications (bandwidth and transimpedance gain) for
Cx = Cd = 500f F andCy = Cl = 100f F (fig. 15).

Amplifier Ro/Av requirement
Ci=500fF Cl=100fF

Ro/Av
     300
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     200
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      50
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10

Bandwidth
requirement

/GHz 1000

3000

10000

Transimpedance
gain

requirement
/ohms

0
50

100
150
200
250
300
350
400

Fig. 15. Transimpedance design space forRo/Av requirements

D. Internal amplifier

At the physical level, we have used a simple inverter struc-
ture for the internal amplifier as shown in fig. 6. The speci-
fications at this level are generated directly by the TIA block
according to the overall design flow (fig.7). We have devel-



Internal Amplifier  procedure

Ids1 = 1

Ro

(
1+ Vea2

Vea1

)

gm1
Ids1

= Av
Vea1Lmin

1+ Vea2
Vea1

1+ (W/L)2
(W/L)1

Vgs2−Vt2
Vgs1−Vt1

∆1 =
√

KP2(W/L)2
KP1(W/L)1

∆2 = Vdd+Vth2−Vgs1
Vgs1−Vth1

Fig. 16. System of equations of design procedure for internal amplifier
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oped a procedure to make a first-cut sizing of the inverter
based on the transcanductance to currentgm/ID methodol-
ogy [11], enabling us to simplify the design problem without
losing accuracy.

In practice, the range of values ofgm/Id is limited to
30 V−1. It is a characteristic common to all the transistors
of the same type (nMOS or pMOS) resulting from the same
manufacturing technology. Fig. 17 presentsgm/Id charac-
teristics nodes versuslog(Id/(W/L)) for various technology
nodes (Berkeley predictive model parameters) [12], where
W/L is the transistor size ratio.

The specifications at this level are static gainAv, output
resistanceRo and supply voltage. The procedure used for
sizing the internal amplifier is shown in fig. 16, where the
value of parameter∆1 represents a ratio between the sizes of
M1 andM2. The value of∆1 is determinated by a saturation
condition represented by∆2.

The procedure consists of calculating a value of(gm/Id)1

by the expression shown in fig. 16, and then extracting the
corresponding value oflog(Id1/(W/L)1). The value of the
current Id1 calculated by the expression shown in fig. 16,
gives the value of the size of transistorM1. This procedure is
followed by a direct search optimization algorithm for fine-
tuning. The parasitic capacitances are extracted at the TIA
level for use in the TIA sizing procedure.Vea represents the
Early voltage which depends on the channel length modula-
tion parameter.
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Fig. 18. Automated verification iterations for TIA optimization.

IV. A UTOMATED VERIFICATION

In this section we define the methodology used for au-
tomating the specification verification and correction shown
in fig. 7. This is based on the simulation of the complete
netlist representing all blocks in one level, from which the
various parameters needed for this operation are extracted
from the lower level. The correction of the specification is
achieved by the following equation, applied to each perfor-
mance criterion:

Scorr = Sold±∆ (11)

where∆ = Preq−Psim and Preq represents the performance
requirement reached by behavioral model simulation dur-
ing the top-down phase;Psim represents the simulated per-
formance value generated during the bottom-up verification
phase;Sold is the specification corresponding to the perfor-
mance requirement (Preq); andScorr is the corrected specifi-
cation value to be used in a new sizing process. In the flow
model for receiver synthesis shown in fig. 7 we have two ver-
ification stages, detailed in the following paragraphs:

A. TIA

The verification of the TIA is based on simulation of the
complete netlist withSpectreTM. The physical transistor di-
mensions are extracted directly before the optimization of the
inverter, as shown in fig. 7. If the verification at this stage
shows that all specifications are satisfied, the bottom-up flow
continues up to the next level. Otherwise the specifications
for the TIA gain and bandwidth are corrected, the new capac-
itance valuesCi , Cm,Co are extracted by the library function
and a new evaluation of the TIA begins. Fig. 18 shows the ef-
ficiency of this approach in progressively decreasing the total
verification error during TIA optimization.

B. Optical receiver

Optical receiver performance verification and correction
is achieved by the simulation of the complete netlist repre-
senting the HDL-A photodiode model and the TIA structure
with an electrical simulator. The physical transistor dimen-
sions representing the inverter are extracted directly before
the optimization of the TIA has finished. For the photodiode,
we extracted the final value of performance.



V. RESULTS

The optimization aim is to minimize the value of the over-
all error function. To explain this, we have optimized a fast
inverter where a diode transistorM3 is added at the output
node to increase bandwidth. In the case whereεx = εcs the
ideal solution isεt = 0, and in the other case, where the cost
specification for the gain (εx = εct) is used (fig. 19(a)), the
solution is obtained for negative values ofεt . ForFi we have
shown a condition specification since the significant interval
value is more restricted around one value. We have used a
direct search algorithm (Hooke and Jeeves) to resolve this
example.

The reduction in total error with the number of loop iter-
ations in both cases is shown in fig. 20(a) and fig. 20(b), and
the optimised result in fig. 19(b) and fig. 19(c).

Using this methodology and predictive BSIM3v3 and
BSIM4 models for technology nodes from 350nm down to
45nm [12], we also generated design parameters for 1THzΩ

Spec.set1 Spec.set2

Av ≥ 7 maximize,7
Ro(KΩ) ≤ 1K ≤ 1K

Pwr(mW) ≤ 4.5m ≤ 4.5m
Fi = 1.0 = 1.0

Vo(V) = 0.5 = 0.5
(a) Fast-inverter specification

Set1 : error f unction Result

Av εcs(1,7,Pr ,≥) 7.32
Ro(KΩ) εcs(1,1K,Pr ,≤) 0.221K

Pwr(mW) εcs(1,4.5m,Pr ,≤) 4.308m
Fi εcd(10,1,Pr ,=) 1.005

Vo(V) εcd(1,0.5,Pr ,=) 0.472
(b) Fast-inverter result of spec. set1

Set2 : error f unction Result

Av εct(1,7,Pr ,maximize) 14.462
Ro(KΩ) εcs(1,1K,Pr ,≤) 0.360K

Pwr(mW) εcs(1,4.5m,Pr ,≤) 6.238m
Fi εcd(10,1,Pr ,=) 1.617

Vo(V) εcd(1,0.5,Pr ,=) 0.562
(c) Fast-inverter result of spec. set2

Fig. 19. Fast-inverter specification and optimised result

TIAs to evaluate the evolution in critical characteristics with
technology node. Fig. 21 shows the results of transistor level
simulation of fully generated TIA circuits at each technology
node.

According to traditional”shrink” predictions, which con-
sider the effect of applying a unitless scale factor of1/k to
the geometry of MOS transistors, the quiescent power and
device area should decrease with1/k2 factor.

Between 180nm and 70nm technology nodesk2 ' 6.61,
which is verified through our sizing optimization procedure.
With this methodology we can also find a particular specifi-
cation to a given tolerance, as shown in fig. 22.

With a predictive BSIM4 model for the 45 nm technol-
ogy node, we have plotted the active area of the generated
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Fig. 20. Fast-inverter optimization

TIA with static power dissipation for bandwidths 1GHz to
5GHz with Zg at 1kΩ and the quality factor Q at 1/

√
2.

We have also designed a TIA with BSIM3v3 models for a
0.35um technology using low tolerance specifications shown
in fig. 23(a). The specificationQ= 1/

√
2 allows a maximum

bandwidth/power ratio, andVi andVo are specified asVdd/2
allowing maximum gain for the internal amplifier. The opti-
mization result and characteristics are shown in fig. 23(b). Fi-
nally as an example of the type of validation of the described
approach, the method was used to design a 0.13µm CMOS
1THzΩ TIA with an InGaAs PIN photodiode. The simulated
photoreceiver performance is summarized in table I.
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1THzohm Transimpedance amplifier characteristics against technology node
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Fig. 21. Transimpedance characteristics vs technology node
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Fig. 22. Transimpedance characteristics vs bandwidth node with 45nm
technology.

Condition Specification Tolerance Result
technology (nm) 350 BWe (GHz)= 1.5 0.05% 1.473

Vdd(V) 3.3 Zg(KΩ) = 1 0.02% 1.006
Cl ( f F) 150 pwr (mW) – 6.12
Cd( f F) 400 Cm (fF) – 17.43
Id(uA) 50 Ci (fF) – 45.503

Rf (KΩ) – 1.406
Vi(V)= 1.65 0.05% 1.58
Vo(V)= 1.65 0.02% 1.62
Q = 1/

√
2 0.004% 0.7045

(a) Transimpedance specification and result

Transistor size
All transistor L (um) 0.35

W(M1)/L 72
W(M2)/L 144

CPU Characteristic
time 30 mn

Bottom-Up loop number 6
SpectreTMsimulation number 265

(b) Transistor sizing result and CPU charac-
teristics

Fig. 23. Optimization characteristics and results of 0.35 um CMOS TIA
design

VI. CONCLUSION

We have presented the implementation of a complete hier-
archical synthesis methodology for high-speed photoreceiver
front-ends. We have developed a method of communicating
between different hierarchical levels based on such models.
With it we can size heterogeneous systems and generate com-
plete dimension sets for precise specifications in short syn-
thesis times. The accurate results of this methodology have
been used in the context of comparing power requirements
for integrated electrical and optical links.
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