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Abstract: Limitations imposed by the non-linearity of optical links, in the front end of a receiving array antenna, on the
performance of a pulse compression radar are studied. Particularly linear frequency-modulated waveforms backscattered from
a pair of targets are inspected. Inter-modulation and gain compression by noise are presented as two remarkable phenomena.
For an interconnection of two dual-drive Mach–Zehnder modulators, the sensitivity of the compressed echo at the output of a
matched filter receiver to certain tunable parameters is studied numerically. Finally, certain values of DC bias and phase shift
between the modulators’ electrodes are recommended.
1 Introduction

One of the promising methods to implement the future
wideband and ultra-wideband antenna array beam-formers
is through optical signal processing [1, 2]. Many different
structures [3] and technologies [1, 2, 4, 5] have been
proposed for optical beam-formers (OBFs), which make it
essential to perform sufficient sensitivity analysis, before
choosing them for a certain application. For receiving
antenna array OBFs, especially for radar applications, noise
and non-linearity are two critical issues. In a large array
antenna, for which OBFs are more attractive choices,
signal-to-noise ratio (SNR) at each antenna element is
generally low. Thus, the noise and the signal may have
comparable powers that necessitate a coupled analysis of
noise and non-linearity. Reviewing the relevant literature,
we found both issues studied rather separately, except for
the recent work in [1] that has a section on performance
analysis of a coherently detected single sideband (SSB)
OBF structure. The mentioned report computes gain
compression by noise for very small values of carrier-to-
noise ratio at each antenna element. There are also reports
on noise considerations, ignoring non-linearity of OBFs, for
receiving arrays. In [6], the effects of a number of OBF
structures are considered on the noise figure of the receiver.
The effects of systematic errors in amplitude and phase of
the OBF paths on a radar with a linear frequency-modulated
(LFM) waveform is studied in [7], while [8] discusses the
effects of noise (either correlated or uncorrelated between
different channels) on the same system. A separate
systematic study on the OBF non-linear effects on an LFM
radar is presented in [9].

In this study we will consider receiving OBFs with
intensity-modulated and directly detected (IM/DD)
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channels. General expressions for OBFs with dual-drive
Mach–Zehnder (DDMZ) travelling wave modulators are
derived considering non-linearities and system noise. The
travelling wave modulators are required for wideband
applications [10]. Special focus will be placed on radar
receivers with LFM waveforms. We will inspect the
response of a matched filter receiver to the backscattering
from a pair of targets, through which we will define
benchmarks for the coupled effects of non-linearity and
noise in low-SNR conditions. Then we will optimise
parameters of a linearised arrangement regarding those
benchmarks. The proposed linearised optical link is the
well-known series interconnection of two modulators.

Many OBF structures, independent of the utilised time delay
mechanism, may be represented by the structure shown in
Fig. 1. The performance of OBFs with wavelength division
multiplexing, with a common dispersive device for the time
delay implementation of all channels, may also be discussed
by the presented configuration. The noise relation between
the single optical links and the total OBF is discussed in
detail in [6]. As the combining method is inherently a linear
process, it has no effect on the non-linearity of the receiver.
Thus, we will focus on a single IM/DD optical link to study
the combined effects of noise and non-linearity. However,
the important role of an antenna array in increasing the SNR
of a single link by N (number of antenna elements) folds
imposes certain conditions on this analysis. Actually we will
consider low SNR values for the backscattered echo at the
input of each individual optical link. As we will show, this
will make the gain compression phenomena by noise
remarkable.

The structure of the paper is as follows. In Section 2 we
will develop a representation for the DDMZ modulator
output while a pair of wideband RF signals enters it.
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Fig. 1 Typical structure of an OBF with IM/DD links used as a pulse compression radar receiver

Dotted box for true time delay implementation may be replaced by the right-hand inset, as a very popular method
Section 3 provides the reader with the response of an IM/DD
optical link and a matched filter receiver to a pair of returned
LFM pulses. In the same section two benchmarks are
introduced to characterise the quality of the receiver
response. In Section 4, the serial interconnection of two
modulators is examined and the parameters of the link are
swept in a numerical analysis to determine optimum values
with the predefined benchmarks. Section 5 concludes the
paper.

2 Single-channel representation

At first, it is required to introduce basic parameters and
equations for a single IM/DD channel. Let us assume that
each channel has a separate optical source represented by

Ei
in(t) =

�����
2P0

√
exp ( jv0t + jf(t)) (1)

where P0, v0 and f(t) are the power, angular frequency and
phase of the optical source. The modulated optical signal at
the output of a DDMZ modulator may be represented as
follows [11–13]

Emzm(t)=Re{Ẽmzm(t)}
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Re represents the real part of a complex number, Tff is the
modulator optical loss and Vp is the DDMZ modulator
switching voltage. The parameter gm ¼ p.VDC,m/Vp is a
normalised DC voltage applied to the mth (m ¼ 1 or 2)
electrode xRF,1(t) and xRF,2(t) are the RF signals applied to
the first and the second electrodes, respectively. By
controlling g1 and g2 and also Dw, the phase shift between
xRF,1(t) and xRF,2(t), one may generate SSB or double
sideband (DSB) modulations at the DDMZ modulator
output [13].

To characterise the non-linear response of the link, a pair of
delayed wideband RF signals is assumed to be received. If the
spectrum of the RF signal is spread around the angular
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frequency vRF, it may be written as follows

uRF(t) =
∑2

k=1

Ak (t − tk ) cos (vRF(t − tk ) + wRF(t − tk )) (3)

To characterise noise, two terms may be added to each
electrode signal; nin(t) representing the external noise at the
input of the modulator and nth,m(t) representing the mth
travelling wave electrode (m ¼ 1 or 2) thermal noise
transferred to the electrode contact. Thus, assuming that the
received signal (after a probable low noise amplifier (LNA))
is split equally between the two electrodes, we may write
xRF,1(t) and xRF,2(t) as follows

xRF,1(t) = 1��
2

√ nin(t) + nth,1(t) + 1��
2

√
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In (5), n̂in(t) is a phase-shifted version of nin(t) by Dw.
Substituting (4) and (5) into (2), we conclude the next
representation for the DDMZ modulator output
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(6)
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where

Vk(t) = vRF(t − tk) + wRF(t − tk)

bk = pAk(t − tk )/Vp/
��
2

√

n1(t) = 1��
2

√ nin(t) + nth,1(t)

n2(t) = 1��
2

√ n̂in(t) + nth,2(t)

(7)

3 Response to a pair of backscattered
LFM pulses

Now we will consider the effects of a single-channel IM/DD
link on the response of a matched filter receiver to a pair of
backscattered LFM signals. As shown in Fig. 2, the
modulated signal discussed in the previous section is passed
through an ideal time delay unit and then its RF content is
detected with an ideal photo-detector with responsivity Rdet.
Finally, the RF signal is down-converted to the baseband
and enters a matched filter receiver. ‘A network whose
frequency-response function maximises the output peak-
signal-to-noise power ratio is called a matched filter. This
criterion, or its equivalent, is used for the design of almost
all radar receivers.’ [14]. Using an LFM pulse is a well-
known pulse compression technique to enhance the
resolution of a radar while keeping the peak power low.
The matched filter output in a coherent radar receiver
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actually transforms time domain to range domain. Thus, the
locations of the peaks of the matched filter’s output
represent the range of the targets.

To model an LFM signal, the amplitude and phase
functions in (3) should change with time as in (8).

Ak(t) = Vk rect
t

T

( )
, wRF(t) = pB

T
t2 (8)

Assuming t seconds of time delay, the photo-detector’s
output current may be expressed as [13]

idet =
Rdet

2
Ẽmzm(t − t)Ẽ

∗
mzm(t − t) + ir in(t) + ish(t) + ith(t)

(9)

irin(t), ish(t) and ith(t) represent the relative intensity noise, the
shot noise and the thermal noise of the detector output,
respectively. Fig. 3 summarises the noise terms introduced
in (7) and (9). In this analysis we assume that:

1. The received signal is weak such that a low SNR value is
occurred.
2. There is an LNA after the receiving antenna which has
enough gain such that the antenna and the LNA noise terms
are dominant.
3. The non-linearity effects of the LNA are ignored.

The first assumption is discussed in the introduction
section, the second one is rather a practical one but the
Fig. 2 Single IM/DD optical link with a matched filter receiver

Fig. 3 Different noises added to the signal with an optical link at the front end
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third one helps to get rid of different LNA designs, masking
the optical modulator non-linearity. Optical links without pre-
amplification have been recently demonstrated to be
promising [15, 16]. In radar applications if the pre-amplifier
is omitted the noise and signal will not be able to push the
modulator into non-linear regime. Nevertheless, for a
similar study on such links, we need to develop a proper
non-linear noise model for travelling wave modulators that
is beyond the scope of this paper.

Fig. 4 depicts the output of the matched filter to a pair of
returned LFM pulses, when the SNR and the modulation
index, both to be defined bellow, are about 215 and
0.24 dB, respectively. As it was noted before, we infer the
ranges of the backscattering objects from the locations of
peaks of the matched filter’s output. The non-linearity of
the receiver causes a pair of additional fake targets to
appear at shorter and longer ranges.

The SNR at the input of the modulator is defined as

SNR =
Pav

sig

Nin

(10)

in which Nin represents the noise power at the modulator’s
input and Pav

sig is the average power of the received signal.
For a pair of backscattered LFM pulses, introduced in (3)
and (8), with a pulse repetition frequency of fprf, we have

Pav
sig = fprf

∫
T

(ui
RF(t))2 dt (11)

We also define the modulation index as follows to match the
custom definition for sinusoidally modulated signals [9]:

m =
������
2Pav

sig

√
p

Vp

(12)

In Fig. 4, two new parameters are also introduced, peak side-
lobe level (PSL) and peak-to-noise ratio (PNR). The PSL
value is the minimum difference between the peak points of
the real targets and the fake ones appearing because of
receiver non-linearities, in the compressed echo response, in
decibels. The parameter PNR is just the difference between
the largest magnitude and the average noise level in the
received compressed echo.

Fig. 4 Matched filter output of a receiver with an optical link in the
front end showing backscattering from two targets

SNR is assumed to be 215 dB and the LNA and the antenna noises to
dominate other noise terms. The modulation index is assumed to be about
0.24. The average noise level is computed by performing a moving average
on the compressed echo
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Fig. 5 shows PSL and PNR values for the compressed echo
response to a pair of LFM pulses with equal powers at the
receiver input of Fig. 2. The figure is plotted for two
different SNR values of 215 and 0 dB. It is worth
mentioning that the plots in both Figs. 4 and 5 are results of
averaging over 50 time-domain Monte Carlo simulations
and the modulations are SSB.

Fig. 5a shows that the SNR has no remarkable effect on the
PSL, while it decreases substantially with increasing
modulation index. On the other hand, Fig. 5b shows that
the PNR values decrease remarkably for the lower SNR
case with increasing modulation index. This is actually a
gain compression effect owing to noise. The RF signal
detected at the optical link output has three main parts in a
non-linear regime:

1. A copy of the signal
2. Noise and its self-modulations
3. Signal modulated by noise

In the absence of the third term and with an additive
Gaussian-distributed noise, the matched filter would be the
best filter to extract the signal from noise. However, in the
non-linear regime the second and the third terms are not
ignorable. Especially when the noise is a large signal, the
RF signal will be modulated by a random process and the
matched filter output quality degrades. As shown in Fig. 5b
the further we increase the modulation index, the harder it
is to distinguish targets from noise.

4 Series interconnection of two modulators

The series interconnection of two Mach–Zehnder modulators
is a way to linearise an optical link, especially for application
with less than an octave bandwidth [10]. Fig. 6 shows a single
IM/DD optical link, similar to Fig. 2, with such a linearised
configuration. Four parameters in this structure may be
tuned to control the output compressed echo: the phase
shifts between the two electrodes of the modulators (Dw1,
Dw2) and also the DC biases of the modulators (Dg1, Dg2).
The latter two parameters are related to the aforementioned
g1 and g2 as follows

Dgm = |g1 mth modulator − g2 mth modulator|, m = 1, 2 (13)

Fig. 5 PSL and PNR of the matched filter output for two different
SNR values and for two different structures

SNR values are chosen to be 0 and 215 dB. The two structures are those of
Figs. 2 and 6. DS stands for double-series interconnection of two modulators
IET Optoelectron., 2011, Vol. 5, Iss. 6, pp. 255–260
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Fig. 6 Series interconnection of two Mach–Zehnder modulators in a single IM/DD optical link
Fig. 5 illustrates the effect of the double-series
interconnection of two modulators on PNR and PSL values
compared to the previously described data of the optical
link with a single modulator. The provided results are
plotted for Dw1 ¼ Dw2 ¼ Dg1 ¼ Dg2 ¼ p/2. The
improvement in PSL is obvious, compared to the single-
modulator case. The gain compression by noise, which is
reflected in PNR, is also reduced by means of this
linearisation technique.

4.1 Sensitivity analysis

By changing the phase shift between the two DDMZ
modulator electrodes and also the DC bias of each arm, we
will analyse the variations of the PSL and the PNR at the
output. Contour plots showing the effect of Dw1 and Dw2

parameters in a double-series interconnection of two DDMZ
modulators on PSL and PNR are plotted in Figs. 7a and b,
respectively. In both plots we have chosen Dg1 ¼ Dg2 ¼ p/2,
that is, both modulators are biased at quadrature. It is seen
that both PSL and PNR values increase towards the
Dw1 ¼ Dw2 ¼ p/2 point which both modulators produce SSB
intensity modulations. However, the next contour plots in
Fig. 8 reveals that biasing modulators away from quadrature
(here at Dg1 ¼ Dg2 ¼ 3p/4) will make the PSL values
increase but the PNR values to decrease. Although the rising
trend towards the Dw1 ¼ Dw2 ¼ p/2 point is repeated.
Results depicted in Fig. 8 show that the PSL and PNR
dependence on phase shift behave differently. To clarify this,
in Fig. 9 we have swept DC bias values of the two
modulators while fixing Dw1 ¼ Dw2 ¼ p/2. The right plot
confirms that the Dw1 ¼ Dw2 ¼ p/2 and the Dg1 ¼ Dg2 ¼ p/2
conditions give maximum PNR values, but this is not true

Fig. 7 Contour plots showing the effect of Dw1 and Dw2

parameters on a double-series connection of two DDMZ modulators

a PSL
b PNR
In both plots Dg1 ¼ Dg2 ¼ p/2
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for PSL values. The left diagram illustrates that the
optimum PSL conditions are met for some DC bias pairs
around (Dg1, Dg2) ¼ (0, p) or (Dg1, Dg2) ¼ (p, 0). The
different behaviour of PSL and PNR with sweeping phase
shift and bias parameters is related to their different origins.
PSL is a parameter that is not dependent on noise. The two
modulators, when biased at different points, produce higher-
order harmonics that may cancel each other. The stronger
this cancellation occurs, the larger PSL is achieved. On the
other hand, PNR increases when the noise and signal inter-
modulations and also noise self-modulation terms shrink.
This does not necessarily occur strongly at the same
conditions in which PSL grows.

Fig. 8 Contour plots showing the effect of Dw1 and Dw2

parameters on a double-series interconnection of two DDMZ
modulators

a PSL
b PNR
In both plots Dg1 ¼ Dg2 ¼ 3p/4

Fig. 9 Contour plots showing the effect of Dg1 and Dg2

parameters in a double-series interconnection of two DDMZ
modulators

a PSL
b PNR
In both plots Dw1 ¼ Dw2 ¼ p/2
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It is also seen from the contour plots that using a pair
of single-drive Mach–Zehnder modulators, which is
characterised by Dw1 ¼ Dw2 ¼ p, has the worst
performance regarding both PSL and PNR. This is a
satisfying reason for choosing more complex and more
expensive dual-drive modulators.

All plots in Figs. 7–9 are results of the previously
presented formulation in Section 2, with averaging over 50
Monte Carlo simulations. The SNR is assumed to be
215 dB with its definition given in (10). The LFM signal
has got a 10% fractional bandwidth around the RF carrier
and the modulation index is around 0.35.

5 Conclusions

As the dynamic range of a radar receiver is an important factor
in evaluating its performance, we have studied the effects of
non-linearity and noise of IM/DD optical links in its front
end. Optical links may be used in either antenna remote
control or beam-forming networks of large antenna arrays.
In the latter case, a low-SNR condition is very possible at
the array element level, before the array factor could
increase it. It is shown in this paper that in low-SNR
conditions the non-linearity of the front-end optical
modulator has certain effects on the matched filter’s output.
At this output different targets are resolved in range and
cross section. The non-linearity of the optical front end
causes fake targets to appear. The amount of the tolerable
magnitude of fake targets is reflected in the PSL parameter
in the presented analysis. Moreover modulation of the
backscattered signal by a large amplified noise causes a
gain compression phenomenon. Actually, the interaction of
a large random noise with the signal deteriorates the ability
of the matched filter to extract the signal from noise. This is
reflected in the PNR parameter in the presented analysis. To
quantify these parameters in a pulse compression radar with
a matched filter receiver, we considered pulses
backscattering from two distinct targets. This is inspired
from the well-known two-tone test in non-linear RF circuits.

There are different ways to linearise an optical modulation
process and achieve a larger dynamic range. We chose a
series interconnection of two dual-drive optical modulators.
This interconnection provides four tunable parameters, that
is, two DC bias values and two phase shift values between
each modulator RF drives. The structure was inspected
numerically to find optimum conditions regarding the
aforementioned PNR and PSL benchmarks. Contour plots
of both PNR and PSL are calculated and plotted to
visualise their variations. PNR values seem to increase
towards Dw1 ¼ Dw2 ¼ p/2 and Dg1 ¼ Dg2 ¼ p/2 but
the trend for PSL values are not similar. Fixing the DC
bias of the two modulators to equal each other, the PSL
values increase towards Dw1 ¼ Dw2 ¼ p/2. However,
unequal DC bias conditions of the two modulators at
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(Dg1, Dg2) ¼ (0, p) or (Dg1, Dg2) ¼ (p, 0) provides larger
PSL values. These different trends of PSL and PNR values
are the results of their different origins. PSL increases when
the higher-order components produced by the two
modulators cancel each other, regardless of noise. PNR, at
the other hand, increases when the signal modulated by
noise and noise self-modulations decrease. As a single-drive
modulator may be modelled as a special case of a dual-
drive one, it was shown that it provides the worst
conditions regarding both PSL and PNR.
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