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Unified Analytical Expressions for Transimpedance
and Equivalent Input Noise Current of
Optical Receivers
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Abstract—Unified analytical expressions are derived for calcu-
lating the equivalent input noise current and transimpedance of
optical receiver front ends with arbitrary input matching network @

topologies. To be independent of any transistor or amplifier iy

type, noise parameters are used to describe the noise behavior
of the active device. A new characteristic frequency-dependent
value, called photodiode intrinsic conductance, is introduced.

This figure-of-merit allows to compare the achievable equivalent rig 1. Model of an optical received s : photodiode equivalent circuitt.,.:

input noise current and transimpedance of different types of matching networkA.: active two-port.

photodiodes independently of amplifier type and geometry.

Index Terms—integrated optoelectronics, noise, optical re- noise factor!’ [4], correlated drain and gate noise sources for
ceivers, photodetectors. p-i-n—FET front ends [5], or noise temperatures [6]. To be inde-
pendent of a specific active device model and to achieve more
accurate noise modeling at higher frequencies, it is advisable
to use the four noise parameters: minimum noise figtg,,

N OISE IN optical receivers can be divided into the folreal and imaginary parts of optimum source admittaligg,

lowing three categories: and noise resistanca,, [7]. Furthermore, microwave design

« noise contributed by the optical source (such as laser ré@ols allow to directly simulate these noise parameters, even
ative intensity noise) or by the optical transmission pafier different bias conditions [8].
(optical excess noise); In this paper, general expressions are derived for the equiv-

« noise that arises from carrier generation or from carriétent input noise current, caused by the photodiode parasitics
transport over the p-n junction; and the front-end amplifier, and the receiver’s transimpedance.

« Johnson noise from the photodiode parasitics and noikBese equations can be used for arbitrary amplifier designs
from the front-end amplifier. and photodiodes. The derived analytical expressions can be

While the noise contributed by the first two items is deperimplemented in microwave design tools such that all techniques
dent on the optical link architecture and on the dc current floand software available for microwave amplifier design and
through the photodiode, respectively, the third item, i.e., ele@ptimization can be also used for optical receiver front-end
tronics noise, can be optimized by a proper circuit design. Ho@esign.
ever, noise optimization of circuit design can normally only At higher frequencies, a photodiode equivalent circuit con-
be done at the expense of receiver’'s transimpedance. As igigfing only of junction capacitance and series resistance could
not useful to lower the electronics noise much below the levég¢ inaccurate. A photodiode intrinsic conductance is introduced.
caused by other noise sources mentioned above [1], the recelven be calculated from an arbitrary photodiode equivalent cir-
designer can find an optimum compromise for the given appfiuit or can be directly extracted from measurements. This en-
cation. ables an easy calculation of the receiver’'s equivalent input noise

It has been shown that a noise matching network betweewrent and transimpedance.

a photodiode and amplifier can greatly enhance an optical
receiver’s noise performance [2], [3]. The noise representations Il. THEORY

classically used for receiver noise modeling are the Ogaway, this section, some expressions that allow an easy calcu-
lation of equivalent input noise current of optical receivers are
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equivalent noise current can be reduced to the case where an (a) v,

: - - I's =X L,

ideal current source drives a noisy two-port. The two-pbst <_! !_)

stands for the active part of the receiver (either a single tran- ~

H ifi IPT YS Ycor In¢ -)/cor A A

sistor or a complete amplifier). 1772
In Section II-A, the equivalent input noise current of an ar-

bitrary two-port driven by an ideal current source is calculated.

(b) I, T
The two-portis represented by its noise parameters. Section 11-B <_! !_> —

is a short review of the noise parameter calculation of cascaded A1A2
two-ports. Furthermore, the equivalent input noise current of
cascaded two-ports is derived. In Section II-C, the results are
applied to a simple example.

Fig. 2. (a) Equivalent circuit for calculating the equivalent input noise current.
) ) ) (b) Resulting circuit.
A. Calculation of the Equivalent Input Noise Current

First, an expression for the equivalent input noise current g§ 1 antioned above, the equivalent circuit elements of the pho-
a generic two-port is derived. In microwave circuit design, the 4:14e can be added to the two-pakt. Therefore, it can be
noise behavior of two-ports is commonly described by the foYkq med that the current source at the two-port input is an ideal

noise parameters: minimum noise figurg,,, real and imag- e That results in a source admittanée = 0 and a source
inary part of the optimum source admittanG@y,: and Bopt,  reflection coefficient’s — 1. Equation (4) then becomes
and noise resistanck,, = r,Zy with Zy being the charac-

teristic impedance chosen to be real. As described in [9], the r

noisy two-port can be replaced by a noise-free, but otherwise;—35 _ 2 T |1 = Topy

unchanged, two-port in conjunction with a voltage and a currenﬁ feal* = 4RTo df RnlYopel” = 4KTo de ‘ 1+ Dopt

noise source preceding the two-port. A correlation admittance (5)

Yeor = Geor +jBeor Can be added so that the introduced current

and voltage noise sources are not correlated. The noise voltagérom (5), one can notice that a low product of the noise re-

vy, and current,, can be described by an equivalent noise resisistanceR,, and the squared magnitude of optimum source ad-

tanceR,, and an equivalent noise conductar¢g mittanceY, is needed to achieve a low equivalent input noise
current.

2

[on2 = 4kTy df Re [in]? = 4kTp df Gy, (1)

) . B. Noisy Cascaded Two-Ports
whereTy is the reference temperature. The noise conductance

G,, and the correlation admittan®g,, can be derived from the As depicted in Fig. 1, an optical receiver can be divided in a

noise parameters [9, eq. (21)—(23)] passive and an active two-port. The passive two-port consists of
the photodiode equivalent circuit and a matching circuit. The ac-
Beor = — Bopt tive two-port describes the front-end amplifier. Both two-ports
Flom—1 are noisy. For calculating an overall equivalent input noise cur-
Geor = ToR, Gopt rent, one has to calculate current and noise sources and corre-
—(Fonin — 1)2 Iat|qn admlttanc_es for both two-ports and to tr_ansform them to
G, = iR, + (Fnin — 1)Gopt. (2) theinput of the first two-port. In [10], a method is presented that

simplifies this calculation. Following this method, the noise be-
The resulting equivalent circuit is depicted in Fig. 2(a). If thBavior of two cascaded two-ports can be described by the fol-

two-port is preceded by a current source with source admittarle@ing equation:

Ys, one can replace the noise sources and correlation admittance

by a single current noise source in_ parallel to the ir_1put c_urrent Ca = Caq + AchZAI (6)

source [see Fig. 2(b)]. From principle of superposition, it fol-

lows that the equivalent input noise currégj is given by whereCay, Cas, andC, denote the correlation matrix in a

—5 _ T 5 chain representation of the first, second, and resulting two-ports,
[teql* = [in + vn(Ys + Yoor)| respectively. A, andA; denotes the chain matrix representa-
= 4kTy df [(Finin — 1)Gs + R |Ys — Yoe|*]  (3)  tion of the first two-port4; and its Hermitian conjugate, re-
spectively.
inwhich G5 is the real part of the source admittance. Replacing The correlation matrix of a two-port can be calculated using
the admittances by reflection coefficients, /', results in the four noise parameters [10]

: 4KTy df ) -
el = Ty Tgpzg |Foim = DA ISP R, Fam=1_pp v
, Ca=4kTodf | p 4 2
+ 4y Fopt — Fs (4) IT _RnK)I)t Rn|Y;>1)t|2
M| Tope +1 )
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Introducing (7) into (6) results in an expression for the produdl,. It is assumed that the matching network is reciprocal

Rn|Y0pt|2 in (5) and lossless. If a chain representatidp, is chosen for the
matching two-portd,,, with its coefficientsa;; .., reciprocity
Ry [Yopt|? = R, 1|Yopi,1 | +Re{ab azs H(Fnin2—1) can be written as [11]
+ R,y 2(|az [P 4] azeYopt 2|* —2Re{al; a2 Yop 2})
(8) A-A-m = A11,mAa22,m — A12 mA21,m = 1 (15)

. . and losslessness as
wherea;; are the coefficients of the chain matik . &, ; and

Y,pe,1 denote noise resistance and optimum source admittange _ < Re{aiy,m} ﬂm{alz,m}> _ < miy jmm)
of the passive two-port; , respectively, whereak,, », Fiuin 2, " Jlm{az; m}  Re{azzm} Jmar Mo
andY,,; » denote the noise parameters of the active two-port (16)
As. For linear two-ports, the correlation matrix in a chain rep- o o ) )
resentation can be derived from the correlation matrix in a¥herem; are real coefficients. Multiplying the chain matrix

impedance or admittance representation [10] 1 R
App =1 . e 17
1 —a 1 0 PD <jw0i 1+ jWOiRs ) ( )
—021 011 O representing the photodiode equivalent circuit agg given in
_ <(1) a12> Cy < 0 1 ) ' (9) (16)yields
G2z @12 OG22
A; =AppAn
If the two-port is passive, the correlation matrix in an impedance mi1 + jmo1 R,
or admittance representation is given by [10] = <—wC’iRSm21 + i(owﬁl + may)
Cz = 4kT, dfRe{Z Mmoo Rs + jmaz
12} maz — wCimyo + jwC;Romaa - (18)

CY = 4/€To dee{Y} (10)
Equations (13) and (15) give three equations for the four un-

whereZ andY denote the impedance and admittance matrix f,,\vn m;;. The two solutions are

the matching two-port, respectively. Substituting (10) into (9)
and comparing the result with (7) gives an expression for the,;

first term in (8) M2 Bopt 2
= Gopt,2m22Rs - %

a
Rn,l|Y;1)t,l|2 = |CL21|2R,6{2522} = |CL21|2R,6 {a_zj} . (11) + (Gol)t,2+wciRsBopt,2)\/Gopt,QRs(l_Gopt,nggRs)
w Cz Rs Gopt 2
Substituting (11) and (8) into (5) yields the following expressiomiiz
for the equivalent input noise current: _ma V Gopt,2Rs(1— Gope.2mZ, Ry)
- N wci GO)
|ieq|2 = 4I€T0 df [Re{a;1a22}Fmin,2 ma21 v
+ Rn,? (|a21|2 + |a22Y;I)t,2|2 — 7,7-"22‘301)t g— \/GOPt:QRS(l_GOPt:Qm%Q‘RS) (19)
— 2Re{a§1 aQQY;)pt’Q})} . (12) RS
and
The second part of (12) vanishes if
mi1
Y;)Idt,Q = Gopt,? +jB0pt,2 = CLQl/CLQQ. (13) -G ¢ 2m22R _ mQQBOPt:Q
. . - opt, '8 wCZ
In this case, the output conductangsg /as» of the matchlrjg (Gopt,2+wCi R Bopi 2)\/ Gopt,2Rs (1= Gopr 2m3, Ry
network and photodiode becomgs,; ». Therefore, the min-  — WO R.C
imum achievable equivalent input noise currentis givenby , witsopt,2
i 1 mao2 \/Gopt,QRs(]-_Gopt,Qm%QRS)
lieqmin|? = 4kTo df|az1 |? Fin 2Re { Vorrs } . 14 = o0, + oz
ma1
_ 2
C. Derivation of Equivalent Input Noise Current for = Mo Bopt 2+ v Gopt.2Bs(1— Gopt,2miy Rs) (20)
Two-Element Photodiode Model R,
Equation (14) suggests that, by reducjag |, the minimum if |m2| < 1/\/R;Gop 2.
equivalent input noise current can be decreased. Unfortunatelyinserting one of these solutions in (18) results in
this is not possible. This is illustrated in the following example
by using a simple two-element photodiode equivalent circuit, |as] = wCi|Yope | R, 1)

consisting of a junction capacitanc& and series resistance Gopt,2
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whichis nolonger dependent et . Substituting (21) into (14) B. Transimpedance
results in the expression for the minimum equivalent input noise,o transimpedance is defined as the magnitude of the ratio

current of output voltage;, at aload impedancg;, and photocurrens,
m — 4KT, df(wci)QRsFlnin,Q- (22) through t_he photodiode. From a scattering-parameter definition,
the transimpedance can be calculated to be
This simplified result for the minimum equivalent input noise
current of a photodiode represented by a junction capacitance;,, — Sau(1+I'r)
C; and a series resistanég, can also be found in [12]. (1= S22lp)(1—S1) — 512521TL(30)

vL

- ‘ZO

tp

I1l. UNIFIED EXPRESSIONS FOREQUIVALENT INPUT NOISE

CURRENT AND TRANSIMPEDANCE wherel';, andS;; denote the load reflection coefficient and scat-

tering parameters of an arbitrary network, respectively. If the

A. Equivalent Input Noise Current load reflection coefficient is chosen to be zero, (30) results in
According to (12), the equivalent input noise current of an s
arbitrary active two-portd, preceded by a passive matching Zr = ‘ZO 1 2; . (31)
network and photodiode equivalent circuit can be expressed by Pl
the simple equation For the two cascaded two-portls andA,, the transimpedance
: : : R, for I', = 0 is given by
|'Leq|2 = |Zeq,11lin|2 + |7Jeq,i|2G—72 |an - Yropt,2|2 (23)
. " Zr = Zy S21,42 (32)
with a1 (1 + S11,42)Zo + a22(1 — S11 42)
Y, = a21/aze (24) inwhichS;; 40 are the scattering parameters of two-pst As

) ) _ ~ before, the first two-porfi; consists of the photdiode equivalent
andG,, input admittance of matching network and photodiodgj;cit App and a matching networK,,, which is assumed to

equivalent circuit (see Fig. 1) and its real part, respectively. Fgg |ossless and reciprocal. One can then write using (24)
an arbitrary network4;, the squared noise currentsy min|?

and|i.q ;|2 are given by Ze = 74 G, So1. 42
|'L‘eq,min|2 == 4I€TO dee{a§1a22}E11in,2 Gi’PD (1 + Sll’AQ)anZO + (1 N Sll’AQ)
liaq.i|? = 4kTo df |ass|*Gom. (25) _ Zo(1 — |T,n]?) ‘ 521,42 (33)
It can be shown that if a more general equivalent circuit than Gi.rp 21 = Si1,a2 )
the one in the previous section is chosen by a chain maAtgY  \yhere
with coefficientsa;; pp and a lossless and reciprocal matching
network A4, is used, we get an expression for the minimum Gi,rp = Re{ay ppa22.prp}. (34)
achievable equivalent input noise current that is independent of
any matching network Remembering that the transducer power gainffgr = 0 is
given by [13]
|ieq,min|2 = 4kTO dee{a;LPDaQQ,PD}Enin,2~ (26) 1 |I' |2

- _ - m 2

The parameteli.;|? is then given by Gr = = SulnP | 521 (39)
licq,i|* = 4kTo dfRe{as; ppaze pp}- (27) one can calculate the transimpedance by
Comparing (26) and (27) with (23) and remembering that the
L S 1 Zo
noise figure of a two-port is given by Zr = - 4|Gr . (36)
2 Gi.rp
R, 5
= Foin + G Y = Yopi| (28) With (33), it is possible to plot circles of constant tran-

der the ab ioned L leul simpedance in a Smith chart. In Fig. 3, circles of constant
we can, under the above-mentioned restrictions, calculate 3¢, ajent input noise current and constant transimpedance

squared equivalent input noise current by multiplying the noisg 5 frequency of 10 GHz are plotted for a photodiode with a
figure of the amplifying two-port; with the squared photo- junction capacitance of 110 fF and a series resistance 6f.10

diode intrinsic noise currerfc,;| The model parameters are given in Table I. The parameters
i 2=l 2 2gy Used for the active two-port represent a GaAs-based @m.5-
lieq|? = Folicq,i|* (29) . o . .
gate-length pseudomorphic HEMT with inductive series feed-
Thus, the already well-known techniques for designing lowack. As known from constant gain and constant noise-figure
noise amplifiers can also be used for designing low-noise phakcles, it is, in general, not possible to achieve a simultaneous
toreceivers. For example, circles of constant equivalent inpuatching for minimum equivalent input noise current and
noise current can be plotted in a Smith chart. maximum transimpedance.
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Fig. 4. Photodiode model for calculating the intrinsic conductance.

difficult to find valid equivalent circuits. Therefore, it is prefer-
able to directly extract the intrinsic conductance from measure-
ments, as shown below.

The frequency-dependent photodiode responsivity in am-
peres/watts (A/W) is given by

Fig. 3. Circles of constant equivalent input noise currentin a square-root hertz
bandwidth (solid) and circles of constant transimpedance (dotted) at 10 Gikehere
The utilized model parameters are given in Table I.

TABLE |

PARAMETERS FOREQUIVALENT INPUT NOISE CURRENT AND

TRANSIMPEDANCE CIRCLES CALCULATION

Parameter [ Symbot | Value
Photodiode parameters:

Intrinsic conductance [ Gi.pp | 0.478 mS
Active two-port parameters:

Minimum noise figure Fring 1.38 dB

Noise resistance Rpo 30.26 2

Optimum input admittance { Yopeo | (5.5-j7.7) mS

‘ Siaz | 0.28-j0.74
Scattering parameters Soins 329 F 432

IV. INTRINSIC CONDUCTANCE AND NOISE CURRENT

R="2% _ g Hpe (40)
Popt
7
H =7 41
e =g (41)

is the transfer function due to the carrier transit time in the pho-
todiode absorption region and

7 1
Hpe = 22 = (42)
ip a21,ppZL + 622 PD

is the current transfer function due to the photodiode parasitics.
Py, Zr, and i, o denote the incident optical power, load
impedance, and current flowing through the load (see Fig. 4),
respectively. The magnitude of the responsivity can be mea-
sured up to the highest frequencies, e.g., using a heterodyne
measurement setup [14]. If the carrier transit time behavior

In the previous section, two new parameters were introduc&: the photodiode can be calculated (for p-i-n diodes, see
a conductancé; pp, describing intrinsic properties of the pho-£-9-» [15]) or simulated by a semiconductor device simulation
todiode, and an intrinsic noise curreit, ;. The relation be- 100!, [Hrc| can be determined from (40). Furthermore, the

tween these parameters is given by

lteqi|? = 4kTo df Gs pp.

Rewriting (29) as follows:

photodiode reflection coefficient can be measured from which
the photodiode output conductant®p = a2 pp/a pp

can be calculated. The photodiode intrinsic conductance is then
given by

Ypp 2 1
—3 G; = R . 43
lieq|? = 4KT, df G ppF> P Hpe(ZYpp +1) ¢ Ypp (43)
and from (36), it can be seen that the equivalent input noise cur-
rent is proportional and the transimpedance is inversely propor- V. CONCLUSION

tional to the square root of the photodiode intrinsic conductance.
For the above-used simple equivalent circuit, the intrinsi

conductance

Giprp = (wWC;)?R,

A new characteristic figure for photodiodes, the so-called
photodiode intrinsic conductance, has been introduced in this
paper. As the equivalent input noise current is proportional
and the transimpedance is inversely proportional to the
square root of the photodiode intrinsic conductance, the

is obtained. The calculation of the intrinsic conductance froachievable equivalent input noise current and transimpedance
the photodiode equivalent circuit has one disadvantage: Thecan be compared for different photodiodes to be used in an
sult cannot be more accurate than the extraction of the equieatical receiver independently of the front-end amplifier. It
lent-circuit elements. Especially at higher frequencies, itis vegyso simplifies the design of optical receivers because all
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methods known from microwave amplifier synthesis an*
design can be applied.
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