1908 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 49, NO. 10, OCTOBER 2001

Design of Narrow-Band Photoreceivers by Means of
the Photodiode Intrinsic Conductance
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Abstract—The photodiode intrinsic conductance is a ver- Photodiode Ma;c;lhinkg Amplifier
satile parameter for designing photoreceivers used in light- ;  hetwor
wave-microwave systems. A short review is given on how the Lop fpex I

transimpedance and equivalent input noise current of an optical lod i, C_Lj:R'I'?: 7 lv
receiver can be calculated. The design of monolithically integrated "'1"’= d t t
narrow-band photoreceivers for microwave-via-fiber applications
at 10 GHz is demonstrated. The photoreceivers were fabri-
cated using GaAs-based pseudomorphic high electron-mobility
transistor monolithically integrated with metamorphic InGaAs  Fig. 1. Photoreceiver model comprising a photodiode, a matching network,
photodiodes. For such a photoreceiver, a very low equivalent and an amplifier.

input noise current of 5.7 pA per square-root hertz and a high 5ise cyrrent and conversion gain must be easily extractable
optoelectronic conversion gain of 64.1 dBV/W were measured in from the fiqures used in microwave desian. like scatterin
good agreement with simulations. g : ) ; 9 v IRES g
parameters and noise figure. The photodiode intrinsic conduc-
tance, introduced in [8], simplifies these calculations.

In this paper, we show an application of this design approach
by demonstrating the design of 10 GHz photoreceivers with

|. INTRODUCTION very low equivalent input noise current and high conversion

YBRID LIGHTWAVE-MICROWAVE systems are gain. These photoreceivers can be usell thand phased array
expected to play an important role in future wirelesgadar systems that are optically steered/feeded [9]. Receivers

communication systems and phased array antenna sensor {8 fabrl_ca_te_d using a GaAs—based technol_qu that_allows
tems [1]. One key component of such a system is the microw monolltr_nc integration of high electron moblllty tra_n5|stors
photoreceiver front-end. Unlike photoreceivers used in digitgl EMTSs) with long wavelength (1.5pm) p-i-n-photodiodes.
baseband communication systems, photoreceivers used. peIvers with HEMTSs in common-source gnd cascode con-
microwave photonic systems are typically narrow-band Withfg;graﬂon were developed and compared with respect to their
bandwidth of 10% to 40% of the center frequency. This permipé)'se behavior and gain.
the use of reactive matching techniques to obtain optimum
performance with respect to noise and conversion gain.
Several techniques are known for synthesizing matching
networks that allow control of parameters like noise figure and In this section, a short review will be given on how the in-
gain of an amplifier during the design process. These techniquessic conductance of a photodiode can be used to calculate the
comprise simple methods like noise- and gain-circles in a Smilquivalent input noise and quasi-optic transimpedance of a pho-
chart or much more advanced ones like the real frequenioyeceiver. The theory behind the intrinsic conductance is de-
matching approach [2]. For the design of photoreceivers, ordgribed in [8].
a few methods have been published, concentrating mainly on ) ) ) _
low-noise photoreceivers [3]-[6] and a few matching network- Transimpedance and Optoelectronic Conversion Gain
topologies [7]. As the structure of a reactive matched photore-Fig. 1 shows an equivalent circuit of a photoreceiver con-
ceiver is quite similar to that of a microwave/millimeter-wavsisting of a photodiode, a matching circuit and an amplifier.
amplifier, all methods for amplifier design should also be As can be seen from Fig. 1, the photodiode is modeled by a
useful for the design of photoreceivers. For using these desigirrent source followed by an equivalent circuit comprising a
techniques, the to-be-optimized figures like equivalent inpjiinction capacitance and resistance, and a series resistance. As
_ _ _ , the time required for photogenerated carriers to travel through
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is defined in Fig. 1. The transfer function The parameter is the squared ratio of the chosen and the max-
; imum value of conversion gain or quasi-optic transimpedance,
Hrp = =2 (2) respectively,
Popt
describes the finite carrier transit time in the photodiode absorp- 2 4G; pp (1 - |Suf?)
. . . . . T =247 qopt,0
tion region.%,, can be regarded as the ideal short circuit pho- Faort Zo|Sa1 |?
tocurrent, if the photodiode parasitics are neglected. C%E,o 4G, pp (1 — |511|2) 11
If chain parameters,; pp are used to describe the parasitic e Zo|Sa1|? : (1)
elements of the photodiode, the transfer function of the photo-
diode equivalent circuif ¢ can be written as [8] The subscript O denotes the value for which the circle is to be
p drawn. Equations (9) and (10) are equal to the equations for
Hpe = ij X — 1 . (3) constant-gain circles, which can be found in [14].
ip a1, Pp 4L + @22, PD
If the transimpedance B. Equivalent Input Noise Current
v As the matching circuitry is assumed to be reciprocal and
Zp = | =% (4) lossless, no noise arises from the matching network. The only
Zp,ex

sources for noise that can be influenced by the designer is
of the amplifier including the matching network is known, th&hermal noise from the photodiode parasitics and noise from
optoe'ectronic conversion ga(lf’bE can be calculated using thethe ampllfler. All these noise sources can be transformed into a

above introduced transfer functions current noise sourcg, in parallel to the input current source
as can be seen from Fig. 1. This allows us to compare this
Cop = VL | _ |Hpr Hpc | Zr. (5) hoise with other sources of noise such as the quantum or shot
Popt noise that arises during the statistical process of the generation

To facilitate the design of photoreceivers using standard circ@f €/€ctron-hole pairs or noise from the optical source. Th?
simulator tools, it is helpful to introduce a so-called quasi-optfRaUivalent input noise current can be calculated as follows [8]:

transimpedance [11] W — AWTodf G o F (12)

vr,

ZT, qopt — |~ = |HEC|ZT (6)

» wherek, Ty, anddf is Boltzmann constant, the reference tem-

_ o _ _ _perature, and the differential bandwidth, respectivElgenotes
This quasi-optic transimpedance is very useful as no optiGik noise figure of the amplifier, which is dependent on the re-
power source needs to be modeled within the circuit simulat@faction coefficient,,, [14]. For a given photodiode and ampli-

In [8], it was shown that the quasi-optic transimpedance afdy, the equivalent input noise current is only dependent on the
the optoelectronic conversion gain can easily be calculated R¥jection coefficient’,,,. Therefore, we can plot circles of con-
using the intrinsic conductane; rr, of the photodiode, if the gignt equivalentinput noise current on a Smith cHay-plane).
matching network is reciprocal and lossless as follows: The equations for centé¥;_ and radius;;_ of such a circle are
. 7 identical to the ones for circles of constant noise figure (see [14])

0

Z =—4 |G
T, qopt 2 T Gz D

2

(7) Topt 13

Cuy =12
y
1 Zo .
Cor == |[Hrr|y|Gr (8) 1

2 VTG S N TR TETNT 14

,PD Ticg 1+yv@-+m Copt|*) (14)

whereGr andZ, denote the transducer power gain of the am-

plifier [14] and the characteristic impedance, respectively. Ahere

the transducer power gain is dependent on the reflection coeffi- o o — i e
cient at the input of the amplifier, see Fig I3, can be used for y= e;ékT G L
tuning the photoreceiver to the desired frequency response by 0%7%, PDTn

using any of the well known techniques for network synthesig, 5 parameter proportional to the difference between the
see, e.g., [12], [13]. For instance it is possible to plot circuits %uared equivalent input noise currént , for which the circle

constant quasi-optic transimpedance or constant optoelectrqgity pe drawn and the squared minimum achievable equivalent
conversion gain in a Smith chart. The equations for circle Cenfﬁbut noise current, given by

Cc.r and circle radius¢,, are as follows:

|1+ Cope|? (15)

CC = .Z'Sfl (9) |ieq7 min|2 = 4kT0dsz, PDFmin- (16)
OF 11— 1Sl —x)

\/1 — X (1 — |Sll|2)
1-— |511|2(1 — .’L’) ’

Fiin, 7o = R, /Zy and I, denote minimum noise figure,
normalized noise resistance and optimum source reflection co-
efficient of the amplifier.

TCor =

(10)
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unstable
I1l. EXTRACTION OF THE INTRINSIC CONDUCTANCE \\‘\\‘\&‘\“}?\-‘S“-‘»\l\\\ S rska
. .. RS RR R , =
As can be seen from (7) and (12), transimpedance is inversely Z;q,=0.5 kQ \\\\}s‘;{\\}‘\\\\%}\}}\\}‘}\‘;\\i\\;\ , “Tgopt <
. ) N

9

proportional, and equivalent input noise current is proportional,
to the square root of the photodiode intrinsic conductance. In
[8] it was shown, that the intrinsic conductance can be calcu-
lated from the two-port parameters of the photodiode equiva-
lent circuit. If chain parameters;; pp are used, the intrinsic
conductance can be calculated to be

G; rp = Re{a3; ppazz2 rp}- (17)

Basically, two methods exist to determine the intrinsic con- fo™
ductance of a given photodiode. Both methods rely to a cer- i
tain extent on modeling a part of the photodiode behavior. Both

methods are described and compared in the following sections.
Fig. 2. Circles of constant quasi-optic transimpedance (broken line) and
. constant equivalent input noise current per square-root hertz at 10 GHz.
A. Transfer Function Method

According to (3), the transfer functidigc can be calculated a parallel resistanc®; and a series resistanég,, then the in-
from the chain parameters of the equivalent circuit. The phtrinsic conductance is given by
todiode output conductance can also be expressed in terms of R + R,

S T

chain parameters: Gipp = — (wC;)*R,. (20)
Vo — 11— I'pp  a21,rp (18) Parameter extraction can be done by measuring the complex
b= Zo 1+Tpp  az pp reflection coefficient of the photodiode and fitting the model

to the measured data. This second method is recommended if
wherel'pp is the photodiode reflection coefficient (see Fig. 1xhe photodiode can be accurately described by a few equivalent
If both the transfer functiort/gc and the photodiode output circuit elements as in the example given above. If it is difficult to
conductance are known, the two chain parameteisrp, find a valid equivalent circuit, the first method should be used.
as2 pp and, using (17), also the photodiode intrinsic conduc-

tance can be calculated. IV. APPLICATION: 10-GHz NARROW-BAND PHOTORECEIVERS

While the reflection coefficient can be easily measured usingI thi tion. it i ted how the techni d ibed
a network analyzer, this is more difficult for the transfer func- n this section, 1t1s presented how the techniques describe

tion Hpe. According to (1),Hgc can be calculated from theabove are used to design monolithic integrated narrow-band

photodiode responsivity, {1 is known. There are two prob- ph_o_toret;:elvers at ;0 Gded Duedto thel_z;\_bsence 0{. er](_)ngllng par-
lems that have to be taken into account. First, the responsivity”ﬁ"?t'CS etween photodiode and amplifier, monolithic integra-

depending on the load impedance, with which the responsivH jh can show the full potential c.)f this matching techniq.ue. De-
was measured. One has to assure that the load impedance n technology and the fabrication of the photoreceivers de-

for measurement is the same as the input impedance of the &M ed here can be found elsewhere [15], [16].

plifier. The second problem is that it is difficult, especially ah  Gircuit Design

higher frequencies, to determine the phase of the responsivity . ) ] ] ]

very accurately. Substituting (3) and (18) into (17) yields an ex- 10 design a photoreceiver using the technique described here,

pression foiG; pp, that is only dependent on the magnitude of*€ Photodiode intrinsic conductance has to be determined. If
Hpc as follows: a simple equivalent circuit as depicted in Fig. 1 is chosen, the

following parameters can be extracted for a photodiode with a

2 1 light-sensitive area of 1@m diameterC; = 112.2 fF, R, =

Re {_} . (19) 83 Q, R; = 10kQ. From (20), the photodiode intrinsic con-

Yep ductanceG; pp is 0.51 mS at 10 GHz. Using (9)—(11) and

((_)1_3)—(15), circles of constant quasi-optic transimpedance and
ﬁonstant equivalent input noise current can be drawn in a Smith
chart. The result for the above described photodiode is depicted
in Fig. 2. The transistor parameters are given in Table I. These
: N parameters were extracted for a 0/1% gate-length HEMT in
B. Equivalent-Circuit Method cascode configuration with a gatewidth of2 60 ;.m for each,

Another approach to determine the intrinsic conductanceti®e common-gate and the common-source part of the transistor.
to find an equivalent circuit that is a good representation of theln Fig. 2, the hatched area corresponds to regions of un-
transfer functionHgg. If an equivalent circuit is used like thestable transistor operation. Outside of this unstable area, an
one depicted in Fig. 1 consisting of a junction capacitafige input reflection coefficient can be chosen that results in a

Ypp
Hyc(ZpYep + 1)

G; pp =

Therefore, it is sufficient to measure the magnitude of the r
sponsivity and the complex output conductance to model t
transfer functionHrr.
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TABLE |
TRANSISTORPARAMETERS FOREQUIVALENT INPUT NOISE CURRENT AND
TRANSIMPEDANCE CIRCLES CALCULATION

~N &
o o
—
(=]
[=]
Q
o

S
s} >
T 60 <
Parameter Symbol Value £ ‘R
Minimum noise figure  Fp;, 0.91dB @ 50 (2
Noise resistance R, 19.1 9 & 40 2
Optimum source . 9 %
I, 4 . ]
reflection coefficient opt 048 +)0.36 Z 30 %
. S;  051-j0.79 8 20 o
Scattering parameters Sor 445 + § 5.29 o . . ‘ ‘
00 25 50 75 100 125 15.0 17.5 20.0

Frequency (GHz)

Fig. 4. Measured optoelectronic conversion gain of the two-stage
photoreceiver with HEMTs in common-source configuration (circles) and
simulation (line).
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Fig. 3. Chip photograph of the two-stage photoreceiver with HEMTs in
common-source configuration.
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N
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compromise be‘Fwee.n trans?mpedance and noi;e. As 'these 100.0 25 50 75 100 125 150 175 20.0
vallues for quasroppc transmpedance gnd equivalent input Frequency (GHz)
noise current are given for a single device, these values can
not be obtained for a complete photoreceiver, as losses in H 5. Measured optoelectronic conversion gain of the two-stage
matching networks reduce the overall performance. Furthé@potoreceiver with HEMTs in cascode configuration (circles) and simulation
more, out-of-band stability and a certain bandwidth have to £ge)-
assured, increasing noise and reducing transimpedance.
Using the design technique described here, one- aRd Measurement Results
two-stage photoreceivers were designed and produced. CircuiThe optoelectronic conversion gain as a function of frequency
design was performed using commercially available microwaf@r both photoreceivers is depicted in Figs. 4 and 5. Filled circles
design software. To predict the transimpedance and noigpresent measurement results, which are obtained using an op-
behavior accurately, a large signal HEMT model [17] watscal heterodyne setup [19] based on two external cavity tunable
used, which also allows simulation of the bias dependent noisiede lasers and a wide bandwidth RF power sensor. The optical
parameters of the HEMT [18]. input power is chosen such that the photoreceivers are in a linear
Fig. 3 shows a chip photograph of the two-stage photoreperating regime. At 10 GHz, an optoelectronic conversion gain
ceiver with HEMTs in common-source configuration. In botlof 468 V/W (53.4 dBV/W) and 1600 V/W (64.1 dBV/W) is
stages, 0.1xm gate-length HEMTs with a width of 2 60 zm  achieved for the common-source and the cascode photoreceiver,
were used. To minimize the circuit size, the input matching neespectively. Due to the noise matching, the maximum conver-
work between the photodiode and the first transistor as well sisn gain is shifted to a slightly lower frequency.
the interstage and output matching network consist of a com-Figs. 4 and 5 also include simulated data. These data are cal-
bination of coplanar transmission lines, metal-insulator-metallated using (8) and the photodiode intrinsic conductance ac-
(MIM) capacitors, and airbridge inductors. For gate biasing abrding to (20). The transfer functioHr+ is assumed to be
the first transistor, a 24k resistor is used. This resistor also enequal to the dc responsivity of 0.3 A/W. This assumption is per-
sures out-of-band stability at the expense of a increased equivatted because the 3-dB cutoff frequencyfr is as high as
lent input noise current. The total chip size of this photoreceivéR GHz for a 400-nm-thick InGaAs absorption layer. A good
is1 x 2 mn?, including RC bias networks. agreement between measurement and simulation can be seen.
The topology of the two-stage photoreceiver with HEMT&or low conversion gains, the noise floor of the measurement
in cascode configuration is similar to the photoreceiver witketup causes a measurement error such that the measured data
common-source transistors. But this design provides neagdiye a higher conversion gain than the simulation. Fig. 5 shows
twice as much gain as a common-source transistor with a e@napproximately 3 dB lower measured peak conversion gain
reduced chipsize (Ix 1.5 mn¥). Besides this, at 10 GHz, thethan simulated. That is due to a difference in the output reflec-
gain of the common-source part of the cascode transistor istem coefficient of the cascode transistor model and measure-
high, that the common-gate part has nearly no influence on tment. Therefore, the interstage matching network is detuned re-
overall noise figure of the total device. sulting in a reduced peak conversion gain.
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All simulations were performed using a commercial circuit de-
sign tool (HP MDS). No model adjustment was done after cir-
cuit fabrication.

V. CONCLUSION

The design of 10-GHz narrow-band photoreceivers with a
very low equivalent input noise current of 5.7 pA per square-root
hertz and a high optoelectronic conversion gain of 64.1 dBV/W
is demonstrated. The excellent agreement between simulation
and measurement shown in Section IV-B proves not only the
validity but also practicality of the photodiode intrinsic conduc-
tance as a versatile parameter for designing photoreceivers.

Fig. 6. Equivalent input noise current per square-root hertz and output noise
spectrum of the two-stage photoreceiver with common-source transistors.

Line: measured noise spectrum; circles: data extracted from noise parameter

measurements; broken lines: simulation.
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