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Tuned Optical Receivers for Microwave
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Lightwave Systems
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Abstract — An analysis of tuned optical receiver noise performance for
microwave subearrier multiplexed lightwave systems is presented. The
effect of correlation between the gate and the drain HEMT noise sources
is included. and the design of tuning networks to obtain partial noise
cancellation is investigated. An optimization algorithm is used to determine
the tuning element values for minimizing noise. Improvements in noise of
16 dB for a 60 video channel SCM system, and 12 dB for a 120 channel
system are demonstrated, allowing a significant increase in passive optical
network distribution capacity, and design results for tuned front-end
receivers encompassing the effects of p-i-n, HEMT and SCM band
parameters are presented.

I. INTRODUCTION

ECENT advances in high-speed optoelectronic com-
Rponents have made microwave subcarrier multiplex-
ing (SCM) an attractive technique for multichannel light-
wave distribution networks. Notable system results have
been demonstrated involving 120 channel video transmis-
sion [1], 2 and 4 Gb/s data links [2], [3], and wide-band
digital multiuser networks [4]. These lightwave systems
combine the advantages of multi-GHz data throughputs
using established microwave techniques with the versatile
analog and digital modulation formats [5], for evolution
with emerging network requirements.

In order to achieve large point-to-multipoint distribu-
tion capacity, a high power budget is required for SCM
systems. The use of optical amplifiers to increase the
power budget has received considerable attention. Both
in-line traveling wave laser amplifiers preceding the optical
splitter [6], [7] and optical preamplifiers at the receiver [8]
have been reported. However, a distribution topology based
on the passive optical network (PON) concept [9] provides
more attractive features regarding installation simplicity,
reliability, and cost. Improvements in modulation and
output of laser transmitters for SCM PON systems have
been presented recently [10]. This paper presents comple-
mentary studies for increasing the power budget and distri-
bution capacity through enhanced receiver sensitivity.

Tuning of optical receiver front ends has been shown to
be an effective technique for reducing high-frequency re-
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ceiver noise. This has been demonstrated both theoretically
and experimentally for wide-band direct detection systems
[11], coherent systems [12], [13], and SCM systems [14].
The object of this paper is to present a detailed noise
analysis for the design of tuned p-i-n HEMT optical SCM
receivers. A new contribution is provided by the analysis,
through the incorporation of the correlation effects be-
tween the gate and drain noise sources of the FET [135],
[16]. Previous analyses [11]-[14] have relied on the Ogawa
noise factor, I' [17], to account for noise correlation in
FET’s, even though the concept of a constant noise factor
breaks down for tuned front-end amplifiers. The inclusion
of detailed correlation effects leads to improved accuracy
for design and is particularly relevant to HEMT devices
which have high correlation coefficients [15] and which
consequently afford the potential of partial noise cancella-
tion through appropriate tuning network design. A general
optimization of the tuning network is carried out to mini-
mize the input equivalent noise arising from the FET
noise, Johnson resistor noise in the p-i-n and HEMT, and
shot noise. The results indicate substantial improvements
in receiver sensitivity for 60 channel (2.7-5.2 GHz) and
120 channel (2.7-7.7 GHz) video systems.

The noise analysis of tuned receivers including correla-
tion effects is presented in Section II. Section III presents
design information for tuned receivers and shows noise
characteristics. Finally, results are given for a 60 channel
microwave SCM system which show how the enhanced
receiver sensitivity allows increased distribution capability.

II. TuNED RECEIVER NOISE ANALYSIS
A. Device Noise Models

The noise equivalent circuit for the HEMT is shown in
Fig. 1(a). The intrinsic behavior of the transistor is de-
scribed [15] by the drain noise, gate noise, and correlation
coefficient, given by

iz,=4kTPg, Af (1)
— (0Cgs)?
i2,=4kTR—=Af (2)
&
ir)zkglnaf= jCcorVPR 41‘T( wCGS) Af (3)
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Fig. 1. Device noise models. (a) HEMT noise equivalent cireunt: g, = 53
mS, Cgs=025 pF, Rg=1Q, P=1, R=0.5, (,, =09 (b) p-i-n
equivalent circuit: Cp =0.12 pF, R, =10 Q.
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Fig. 2. General tuned p-1-n FET front-end circuit.

For a 0.5x200 pm? gate HEMT [18], the noise coefficient
values P=1, R=0.5, and C_,= 0.9 have been shown to
give good agreement with measured noise figure data {15}.

The gate resistor noise source is given by

= 4kT )
re™ 7 A (4)

Fig. 1(b) shows the equivalent circuit for the p-i-n diode.
The shot noise current source is described by

a= 2quc Af

(5)

where I is the average detected photocurrent, and the
series resistor thermal noise is given by

4kT

nRp~— RD

i2

(6)

B. General Tuned Network Requirements

We consider a general input tuning network interposed
between the photodiode and the FET, in order to establish
the required circuit characteristics for minimizing the ef-
fects of FET noise. This is shown by the network N in Fig.
2, where C,, represents the photodiode capacitance, Cgg is
the FET gate capacitance, Z; is the amplifier load
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impedance, and i,,, and i,, are the correlated gate and
drain noise sources of the FET. The complete input net-
work comprising N, Cp, and Cgy is defined as a two-port
network N, described by z parameters. The equivalent
input noise current is given by

i2 4kT T(z,)

n

Sm (7
Af g. |Zzl|2 )

where
F(Zzz) =P +( |2221‘*’C(;S)ZR —2C,,VPR (‘*’CGS Im[zzz])
(8)

is identified as the FET noise factor [17]. This is an
extension of the Ogawa analysis [17], and reduces to the
same result when the front end is untuned with z,, =
1/[je(Cp + Cgs))

For the untuned case, (8) shows that the noise factor is
constant and that the correlation term is additive so that T
is increased. For the tuned case I' in general becomes
frequency dependent. Equations (7) and (8) give the condi-
tions required to minimize the input noise current i2,. In
order to reduce the noise factor, it is required that Im[z,,]
> 0, so that the correlation C,,, term subtracts in (8); i.e.,
the reactance seen by the gate noise generator i,, should
be inductive. More particularly, the optimum value is

given by
1 | P
CCOI' '’
wCis R
which from (8) results in

I-‘rnin: P(l_ Cc%)r)'

(9)

Im [ Z22,opt] =

(10)

Equation (10) shows that I' can be reduced significantly
due to cancellation of noise through correlation if the
input network can present an inductive reactance decreas-
ing with frequency according to (9). The cancellation effect
is particularly relevant for HEMT’s where the factor (1—
C2.) can be quite small. The second requirement in (7) for
minimizing the noise is that |zy| be maximized. This
implies that the network should have a resonance within
the passband for maximizing the transfer of input signal to
the gate.

The simultaneous requirements on the network z,, and
z,, parameters for minimizing noise can best be achieved
by optimization of the elements in network N. A specific
tuning circuit is considered in the next section.

C. Tuned Front-End Analysis

The circuit configuration of a tuned p-i-n HEMT front
end is shown in Fig. 3(a). A T-topology broad-band tuning
network is shown; however, depending on the detailed
specification of L;, L,, and L,, this also incorporates
series, parallel, L, and [I networks. The circuit includes an
FET source inductance L, which is effective in making the
frequency response more uniform [14]. Fig. 3(b) gives the
equivalent circuit for the receiver front end showing the
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Fig. 3.

various noise sources. Defining

Zp=1/juCy (11)
Z,=Rp+ jwl, (12)
Zy,=R;+ jwL, (13)
Zy= jwl, (14)
Zos=1/jwCss (15)
Z,= jol, (16)
and
Z;=2Z,+7Z] (17)
Z3,=Z3”(ZD+ZI) (18)
the transfer function of the front end is given by
v ZpZiZss
Zy=—= ; . (19)
iy (Zp+2)[(1+8,2) Zgs + Z5 + Z,]

The equivalent input noise current component due to the
FET noise sources is

i2 4T 1
JmPET _ [P+ RIZgoH(0Cgs)”

Af Zm 1 Zn/Al?
—2C VPR (wCys Im[ZGO])} (20)
where
Zoo=Zgsl(Z3+ Z,) (21)
Zes+Zi+ Z,
GS 2 (22)

A= .
Zos+ 25+ Z(1+ ngGS)

These expressions describe the noise characteristics with
L, included: otherwise they are similar in form to (7) and
(8). Z;, can be identified as the impedance seen by the

gate noise generator z,, with g, set to zero, and this
impedance has a role in determining the noise factor
analogous to z,,. The term |Z,; /4| accounts for the modi-
fication in the transimpedance transfer function due to the
presence of L.

Additional components in the equivalent input noise
current arise from

12 R
2% a4k =2 (23)
Af |Zpl
and from R.:
iz Z,+ 27,
2P0 — 4KTR G| | (24)
Af Zp+ 2]

The total circuit noise current referred to the input is given
by

22 2 2
lin_lmFET+linRD+linRG (25)
which is minimized by appropriate tuning network design.

III. RESULTS

The optical p-i-n HEMT front end shown in Fig. 3 was
analyzed using the device models given in Fig. 1. A com-
puter optimization procedure was employed to obtain the
values of L,, L,, and L, in the tuning network which
minimizes the peak of the input noise current i2, (described
by (20)—(25)) within an operating bandwidth of interest.
This optimization was general for minimizing the input
noise, without constraints regarding the relation between
the resonance frequencies of the tuning network [12]. The
results gave the tuned front-end design for maximizing the
signal-to-noise ratio in a given SCM bandwidth. The mi-
crowave frequency bands considered corresponded to pre-
viously reported SCM systems and were (i) 2.7 to 5.2 GHz
for 60 channel video transmission [10], [19] and (ii) 2.7 to
7.7 GHz for 120 channel video transmission [1].

The input noise current spectral density resulting from
the optimum tuning network L,=10.2 nH, L, =0.7 nH,
and L;=3.8 nH (with L =04 nH) for the 60 channel
system is shown in Fig. 4(a). The peak noise current is
4-107%% A*/Hz. The tuned design achieves an improve-
ment in noise power across the octave band of more than 9
dB relative to the untuned front end and more than 16 dB
relative to the 3 dB noise figure amplifier employed in [10]
and [19]. This represents a significant receiver sensitivity
improvement with consequent power budget and system
performance enhancements. Fig. 4(a) also gives the relative
contribution of the various noise sources and shows that
the FET noise and R, noise are the main components.
The corresponding noise spectrum for the 120 channel
system with an optimum tuning network L,=350 nH,
L,=0.0 nH, and L;=3.6 nH (L,=0.4 nH) is shown in
Fig. 4(b). The peak noise current is 1.15-10723 A2/Hz. The
tuned design achieves an improvement in noise power of
12 dB across the band relative to the 3 dB noise figure
amplifier employed in [1].
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Fig. 4. Input noise channel spectral density. (a) 60 channel, 2.7-5.2

GHz band: (1) tuned front-end, () untuned, (:) 3 dB noise figure
amplifier, (iv) FET noise, (v) Ry noise, (1) R noise. (b) 120
channel, 2.7-7.7 GHz band: (1) tuned front-end, (1) untuned, (1) 3
dB noise figure amplifier, (1) FET noise, (v) Ry, noise, (v1) Ry noise.

The signal frequency response for the front end is dis-
played in Fig. 5. The FET source inductance L, is effective
in making the frequency response more uniform, without
degrading noise performance.

The carrier-to-noise ratio performance in a 30 MHz
bandwidth subcarrier video channel for the 60 channel
tuned front end design is shown in Fig. 6. This has been
obtained for a detected photocurrent of Iy, =1.5 pA, with
a modulation index identical to [10] of m =7.7%. The
dominant noise component that determines the CNR for
these conditions is the front-end circuit noise, which has a
maximum value of 4.0-1072* A2/Hz, as shown in Fig. 4(a).
Other noise components are the shot noise at 0.48-107%
A2/Hz, RIN noise at 0.07-1072* A%2/Hz (for a laser RIN of
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Fig. 6. Carrier-to-noise ratio in a 30 MHz bandwidth subcarrier chan-
nel versus center frequency of channel for 60 channel front end: (i)
tuned front end; (1) 3 dB noise figure amplifier.

—135 dB/Hz), and third-order intermodulation product
(IMP) noise at 0.08-10~2* A%2/Hz. The IMP noise has been

estimated from [19], [20]

Tpn21 1
4 + rDNlll] 3 (26)

where IM; < 0.1, as in [19], B is the channel bandwidth,
and rpy,; and rpyqp; are the numbers of IM products of
type 2f, — f, and type f,+ f, £ f;. respectively, falling in
the worst channel at the center of the transmission band
[20]. Fig. 6 shows that a broadcast-quality CNR of 16.5 dB
is obtained for the tuned front end at a detected photocur-
rent of I, =1.5 pA. This represents a 7.3 dB improvement
in optical sensitivity compared to the receiver employed in
[10].

Additional data for the 60 channel tuned front-end
design are presented in Figs. 7 to 9. The optimum tuning
inductance and resulting noise characteristics for different
p-i-n diode capacitance values are given in Fig. 7. Fig. 8
shows how the optimum tuning inductances and mnoise
depend on the HEMT g, and C;g parameters. It is
evident that the inductance values in all these cases range
to about 10 nH, and are all realizable components. Finally,

1 . ,
v, = E(mldc)z(mles) [
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Fig. 9 gives design information showing the optimum
inductances and noise for other octave bandwidth SCM
systems transmitting different numbers of video channels.

To put these results into context, the sensitivity of the
tuned front end for the 60 channel video system and the
corresponding system power budget have been calculated
to determine the PON distribution capability. For a laser
transmitter modulation index of m = 7.7% /channel, as in
[10], the sensitivity in terms of the received optical power
for a CNR of 16.5 dB (corresponding to a weighted SNR
of around 56 dB) is —28 dBm, with a p-i-n responsivity of
1 A/W. This provides a power budget of 31 dB. for a laser
launch power of +3 dBm, as in [10]. Allowing a 5 dB link
loss and 5 dB margin [10] results in 21 dB being available
for passive optical splitting. Hence a 64 way splitter having
an 18 dB theoretical loss can be used, with a margin for
practical losses. This represents a fourfold increase in
distribution capacity over a PON compared to the system
in [10], which employs a 3 dB noise figure amplifier, and is
a direct consequence of the improved tuned receiver sensi-
tivity performance.

IV. ConcLusioN

An analysis of tuned optical receivers for microwave
subcarrier multiplexed lightwave systems has been pre-
sented. The analysis has included the detailed effects of
correlation between the gate and drain FET noise sources,
which has not been previously considered. Results have
shown that the FET noise factor is in general frequency
dependent for tuned front ends and that, through appro-
priate tuning network design, partial noise cancellation can
be obtained to improve noise performance, particularly for
HEMT devices which have high correlation coefficients.
Input tuning network circuit requirements have been es-
tablished, and a detailed analysis was given for a specific
tuning configuration. A general optimization was carried
out for the design of tuned front ends with minimum input
equivalent noise, and design information showing noise
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characteristics and effects of p-i-n, HEMT, and SCM band
parameters was presented. The tuned front-end designs
resulted in substantial noise improvements (16 dB for a 60
video channel SCM system and 12 dB for a 120 channel
system) relative to previously reported performances with
3 dB noise figure microwave amplifiers. The corresponding
receiver sensitivity improvement of 7.3 dB for the 60
channel system made possible a fourfold increase in distri-
bution capacity over a passive optical network, to 64
terminals. Results have shown that the development of
low-noise tuned front ends is an effective means of increas-
ing the power budget for multichannel transmission. This
should find application in the design of high-sensitivity
receivers for multiaccess, microwave multiplexed lightwave
systems.
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