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ABSTRACT

In this paper we shall report a novel t pe of low
noise receiver for optical communication. ?he photo-
parametric am lifier/converter maybe used as part of

fa conventions wideband receiver, offering improved
noise performance, or as a low noise
detector/ converter in a microwave subcarrier-
multiplexed optical communication system. The
receiver is based on the photo-parametric mode of
operation, where a photo-detector is pumped at
microwave frequencies and

l!hoto ‘e’ec’ion andpararnetr~c ampl~~ca~en are ac leved simultaneously
m a single Frequency conversion/
amplification is also possible to suit particular system
applications.

(I) INTRODUCTION

Fiber optic transmission s stems are now
?widely used in many fields, both or long haul and

interoffice communications and also have application
in other areas such as remote control of antennas,
sensing, active array signal distribution, etc. [11. A
si nificant area amongst these is that of microwave

%su carrier multiplexed systems in which man forms
Kof si nal are transmitted. In such systems t e data

Frate Imitation due to speed and cost of hi h speed
fdigital electronics opera mg in gigahertz C1OCrates is

\no longer an issue[z . The use of microwave
frequency multiplexing offers up to 10GHz of
transmission bandwidth and, as microwave
subcarriers are independent of each other, the
allocation of carrier frequency and respective
bandwidth is fairly flexible and may be tailored to
particular ~Urposes thr oughout the band as well as in
the overal system. Such an arrangement can offer a
variety of services to the subscriber.

In a practical system, on transmission a number
of microwave carriers are combined using
conventional microwave electronics. These signals
are used to amplitude modulate a laser diode which
produces the optical signal for distribution. On
reception, a photodetector followed by an appro riate

? ~low noise amplifier e.g. transconductance amp lfler,
may be used, or a fiber am Iifier may precede the
detection process. 7This a lows recovery of the
multiplexed signal which then has to be de-
multi lexed in order to recover each subcarrier and

?there ore its information content. This may be a fixed
arrangement, complimentary to the transmitting side,

or a tunable one using a mixer and a local oscillator
(analo ous to tunable superheterodyne receiver). The
secon f arrangement has many obvious advantages
for subscriber services. The objective of this pa er is to

Epropose an alternative novel arrangement to t e basic
detector, pre-amplifier and mixer chain, in which a
photo diode is used both for detection and in
parametric mode and is to amplify the detected signal
at a very low noise penalty. This may also have
potential application in core ‘optical ether’ networks
and be a competitor to more conventional WDM
approaches.

(II) MODE OF OPERATION

The theory of all electric para e ric amplifiers
is well established and matured ??3~. The main
advantage of this type of amplifier is the ultra low
noise performance. Although these amplifiers are
capable of fre~uenc
are mainly des~gne~to operate with the same input

conversion/amplification, they

and out ut frequencies, as this is the case in most
fpractica microwave applications. However, in the

proposed systems, the photo-detector is pumped, and
photo-detected current may be up or down converted
with the output signal at microwave frequencies.
The system input /output frequencies may be
configured to stut each system application. In a sub-
carrier multiplex s stem, therefore, each sub-carrier

Jmay be selectively etected and amplified.

(II-a)Up-conversion(indirectbaseband mn:lification
This s stem

7
suitable direct

detection amplificat;~n of an amplitude modulated
optical signal and the bandwidth extends from several
hertz to some upper frequency limited by the the
bandwidth of the output circuitry. The
photoparametric upconverter arrangement essentially
consists of a diode con”ugately matched at the pump

I’frequency to the circu ator, nominally 50Q. There 1s
no input circuitry other than a small series capacitor
forming a dc blocking filter. The block diagram of the
basic cwcuit is shown in figure (1-a) The circulator
provides a convenient method of appl ing the pump

[ while at theto the diode and extracting the signa
same time isolating the load from the upconvertor.
The unconverted output can be clown converted to
recover the signal by usin

i
a mixer, whose local

oscillator originates from t e same source as the
pump via a suitable attenuator and phase adjuster.
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Figrure 1, (a) The experimentalset up and (b) the Specmm of signals across the diode

(11-a.1) Theory Let the current is correspond to the
detected optical signal:

i$ = 1:sin Olt
where

where q is the uantum efficiency (typically = 0.6) and
%Ps is the incl ent optical power, assuming 100%

modulation and h and v are the Plank’s constant
and the optical frequency.

Assuming o >>os, it is possible to determine
“%the current flowl g mto the load at sideband

frequencies. It should be noted for typical cases, where
the detected signal is of the order of a few kilohertz to
a few megahertz, and the ~ump frequency is in the
gigahertz region, it is difficult if not impossible, to
prevent voltages and currents from being developed
at op~wl. This is not a disadvantage as the two
components are fed into a mixer for down
conversion.

The analysis details are as follows. There are
four frequency components across the diode, @l, Op
W2=WP–W1 and W3=WP+W1 which resembles a four
frequen y parametric amplifier where. the Manley and

!Rowe13 general solution can be applied. However
there is a basic difference which makes the above
amplifier different to the classic approach, and this is
due to the fact that the signal source, unlike
parametric amplifier, is a current source rather than a
voltage source with finite im edance, and therefore a

c?different approach is require .

(11-a.2) Analysis It is appropriate to consider that the
device operates in two modes simultaneously. The
first assumption is that changes in voltages across the

hoto diode do not inhibit si nificantly (at least to
~rst ;rder effect) the fundamental relationship
between input power and detected current. The
second assure tion is that the dynamic capacitance of

“$”the photo-dlo e 1s controlled purely by the pump. ie,
the signal-induced changes in capacitance directl are
small. The small signal equivalent circuit o{ the
arrangement is shown in figure (2).

phomd,cxie +
b,.,

&z7v0 i!=lRo

““’ & I I‘- “$*’-rc “u I
*t”j ‘J+

Photo-diode Idler bypass

R B =Butk resistance network

CD =Diode depletion capamace

Is =Photo generated current

Figure (2) The equivalent circuit of pp-amplifier

From previous ex ression :.

r]I,=P, ~ = aOP, for brevity

Ps is the input optical signal, which, when taking the
form of a modulated wave, may be represented as:-

P, = PO(l+ mcosw,t) for m S 1 at modulating freq. w,

Let V’1 be the time varyin voltage across CD infigure
72 At frequency w (pump :-

?X=vpo Cos Wpt=vp

Thus,

v,’ = [1v’

jwpCD

() 1
RB+—

JwPC~

——
[1+ jW~C.R,]

DC voltage across CD=VO Therefore, the combined
effect of pump and DC bias “is:-

lvi[ = V,* +Vo
Where VI is the overall voltage bias

[vtl = v,+ “
(O+KWJU)

Let
{

v,=– Vo+
((1+ j;~C.R,) }

as VI is usually a negative bias for the photodiode.
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Now for the the PN junction (assumed), the depletion
width ‘d’ is given by:-

‘“rT%=
for an abrupt junction diode, where Vx= barrier
potential. Hence the depletion capacitance,

CD = A&
i

q(NAN.) 1

2e(NA + N.) (VX- VI)

and substituting for VI and taking the modulus of the
complex quantity gives:-

1- 1

where D’= ‘2
i

* = A q(NA ‘ND)Eand
(Vx + Vo) 2NAND

Therefore,

==) &. ()~ [1+ Ecosto,t], where E = ~vx~v,)

The value of CD is modulated by the pump in a
complete fashion, therefore , the previous analysis
gives no allowance for idler and circuit signal loading.
If a general load of magnitude ZL= RL+JXL IS
connected in shunt with the device, the magnitude of
the load voltage can be shown to be :-

,

IVLI =,v ,(RL‘XL);
‘ (Ru +RL)

where

[ 1[
cx+ctcosco~ t+bcosmpt+

aP
v,=–J~

Do)~ :Cos(co, - 0.),)t +:cos(cop + to,t)+...1
2

and ~=1-~–~-E4+ ... .....and ~=~E+lE3+ .....
16 1024 2 64

at which the optical input power p. is modulated. In
consideration of the output in the upconversion
mode the condition for gain is:-

()6.). pThe corresponding upconversion gain is given by AV z L –
co, 2

where the bracketed term represents the standard
parametric upconvertor gain and the second
parameter ~ is related to photodiode characteristics.

(III) PRACTICAL REALIZATION

In our previous attempt, carried out at
University College and Bradford University, a photo-

parametric up-converter amplifier was investigated
and a low noise gain of 11 dB was demonstrated
(figure I-a,b). The above mentioned gain is the ratio
of power in up-converted side bands to the detected
signal across the diode where no microwave pump
power is ap lied. The signal power was measured
across a 50$ load (input impedance of spectrum
analyser, ie. identical load condition).

The pump frequency of this coaxial line setup was
930MHz and a narrow band laser driver circuit and a
commercial laser diode were used as transmitter.
Although the transmitter bandwidth limited the
scope of experimental work, there was good
agreement between results and theory. Some further
practical work since has been carried out using a
waveguide setup at X-band. This setup is primarily
similar to figure(3), where the up-converted output is
directly measured from the output of the upper
sideband filter using a spectrum analyser (50 Q). The
results are illustrated in Figure (4 a,b). Inspection of
these suggests that, although operating under non-
optimum condition (noisy pump), a significant
improvement in signal to noise ratio has been
achieved (22dB of gain, 9dB of signal to noise
improvement). Experiments show that the gain is
proportional to the ratio ~i / cos, as predicted in the
aforementioned theory.

(IV) OTHER MODES OF OPERATION

The photo parametric amplifier can, however,
be forced to operate in another mode, comparable to
that of the negative resistance parametric amplifier, in
which the output signal is taken at os. This requires
double conversion using an external mixer as,
suggested earlier or a secondary mixin
varactor properties of the photodiode. %Lyla%
arrangement is particularly attractive. Referring to
fi ure (lb), in theory it is possible for an all-electric

EP oto-~arametric amulifier to choose any pair of the

f!i;imals; or indeed an~ of the simals excl<dhw .vum~),
as the mtmt and the Outvut. owever, m such
s stems, i; the signal freque;cy is fairly low and not in
it e microwave range, it is not convenient to have

commensurate input and output fre uencies, where-
as in a photo-parametric am lifier, t e separation of

!“ %the input and output is not o vlously an issue, as the
input is generated inside the diode. This makes the
direct baseband amplifier attractive in practical terms.
The mechnism of operation is as follows:

The layout of the re uired hardware is shown in
aFigure (3). The photo- lode is pumped and the photo

detected signal is up-converted and amplified. The
upper and lower side-bands generated (idlers) are
short circuited and phase adjusted to be reflected back.
Across the diode, side bands are parametrically down
converted to the baseband giving their energy to
baseband signal. Separation of the lower and upper
sideband requires some selective mechanism and
ideally a pair of break wall low and highpass filters
with their cut offs at the pump frequency. One of the
practical limitations is that the fimte Q of the filters
will limit the lower frequency edge and effectively the
amplifier will have a highpass response.
Alternatively bandpass filters can be used in which
case the upper edge of the am lifier bandwidth will

$also be limited by the bandwl th of the filters. The
analvsis is as follows:
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With optional idler coupling circuits and a load
circuit which filters out higher order components, the
following holds:

[ 1[~cos(to, - to,V=,=% , )t+ ~cos(cop + (oJt1
To obtain down-conversion gain, these must be

first mixed with the pump, and normalised to
baseband detection (for comparison purposes). The
analysis leads to:-

()P’ coso)~t. (ie. not depandant on COP)
2Dc0~RL

Taking D= CDO=2pF, as example, and RL=50
Ohm, o~=lMHz, (3=(E/2)=0.36 (Pump power is 5mW),
gives:- Av(relative)=20.1 dB

The theoretical analysis also shows that
amplification from other configurations is also
possible where input and output frequencies are
mterchanged141. A prototype photo parametric down
converter has also been tried with promising
performance.
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Figure 3, The experimental set up of direct
baseband receiver

(V) CONCLUSION

A novel approach for the design of o tical
receivers is presented. The devices use 1? are
commercially available photo-diodes which are
optimized for

8
hoto-detection. Clearly the starting

point for the esign of a tailor-made diode for the
photoparametric mode of operation requires a
theoretical study at device level. An attem t was

Emade to address some of the issues involved oth at
circuit and device levels. The practical measurement
carried out indicates that the performance of the
photo-parametric up-converter described above is in a
good agreement with the theory presented. Visual
inspection of the amplified signal spectrum confirms
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low noise amplification. However, no uantitative
measurements have been performed yet. % would be
interesting to compare the results with those
obtainable using the same diode followed by a classical
low noise amplifier and quantify the noise

erformance improvement. An alternative approach
~as also been presented, along with theoretical
analysis, and simplifies the required hardware.
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