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Research on Optical Spectrum Processing for
Photonic-Assisted Broadband RF Cross-

Eye Jamming System
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Abstract—Cross-eye jamming technology has been used in elec-
tronic warfare, which attempts to protect a military platform from
monopulse tracking radars. The cross-eye jamming technology has
the ability of inducing angular errors to the monopulse tracking
radars by transmitting two jamming signals with equal amplitudes
and opposite phases. At present, high operation frequency and
broadband cross-eye jamming system has been rarely demon-
strated. Therefore, the present cross-eye jamming systems are
hard to jam frequency-agile radar or multi-band radar, whose
carrier frequency covers a large spectral range. In this paper,
a photonic-assisted broadband radio frequency (RF) cross-eye
jamming system is proposed and experimentally demonstrated.
To achieve effective jamming effect, the intercepted radar signal
is modulated to optical carriers and the phase shift is realized
by optical spectrum processing. The relationship between system
parameter tolerances and jamming effects are also simulated.
Furthermore, the RF transfer function of X-band, Ku-band and
K-band has been obtained in the experiments. The experimental
results show that the amplitude and phase mismatch are below 2.15
degrees and 0.4 dB, respectively. Calculated cross-eye gain is 39 dB.

Index Terms—Microwave photonic, cross-eye jamming, optical
spectrum processing.

I. INTRODUCTION

MONOPULSE tracking radars have the ability of mea-
suring the direction of a target with a single pulse [1],

[2]. Generally, four antenna beams are formed simultaneously
to track the target in both pitching and azimuth direction. The
angular location of the target is obtained by comparison of signal
properties (phases or amplitudes) received by the different re-
ceivers. Compared with the direction of arrival (DoA) estimation
algorithms [3], [4], [5], the computational cost of monopulse
radar is lower. It takes little time to achieve the direction of the
target because it requires just single pulse. Therefore, monopulse
tracking radar has been widely used in missile guidance, target
tracking and trajectory measurement, etc [6], [7], [8].
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To improve the survivability of the combat aircrafts and
ships, great efforts have been made to produce angular er-
rors to monopulse radars. Researchers have proposed many
angle deception jamming methods against monopulse radars,
for example, cross-polarization jamming [9], [10], [11], forma-
tion jamming [12], [13], towed decoy [14], [15] and cross-eye
jamming[16], [17], [18], [19], [20]. Among all these jamming
methods, cross-eye jamming is regarded as the most effective
jamming technology against monopulse radars [11].

To induce angular errors to monopulse radars, the cross-eye
jammer creates two repeated radar signals which have equal
amplitudes and opposite phases [21]. The two repeated radar
signals distort the phase-front and an angular error is induced to
the monopulse radar subsequently [22].

Various cross-eye jamming systems based on electrical tech-
nology have been published [23], [24], [25], [26], [27]. However,
the electrical cross-eye jamming systems suffer severely from
the limited bandwidth because of the electronic bottleneck. The
broadband electrical phase shifters usually have non-uniform
response over a wide frequency range. Although the proposed
schemes can jam conventional electrical radar, they are hard to
deal with microwave photonic radars with wide instantaneous
bandwidth or frequency range. Based on photonic technology,
X-band radar with 4 GHz bandwidth[28], K-band radar with
8 GHz bandwidth [29], [30] as well as Ka-band radar with 12
GHz bandwidth have been demonstrated [31]. For multi-band
radar, even if the instantaneous bandwidth is narrow, the carrier
frequency covers 10 GHz [32], [33].

To deal with these issues, photonic-assisted cross-eye jam-
ming system have been proposed [34]. In [34], the two received
radar signals are modulated to two Mach-Zehnder modulators
(MZMs), respectively. And the two MZMs are operated at
negative quadrature bias point and positive quadrature bias point,
respectively. After photoelectric conversion, the two generated
jamming signals are 180° out of phase. However, the jamming
effect is subject to the low tuning accuracy.

We experimentally demonstrate a novel photonic-assisted
cross-eye jamming system in this paper. The received radar
signals modulate the optical carriers through MZMs. An optical
spectrum processor (OSP) is used to ensure the repeated radar
signals have the same amplitudes and opposite phases. Based
on OSP, the control of the optical signals can be precise and
flexible. The time delay of the two paths are also precisely tuned.
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Fig. 1. General architecture for a cross-eye jammer.

Based on this principle, flexible phase shift can be achieved to
compensate the phase deviation caused by the RF components or
photoelectric devices. Thus, the tuning accuracy is higher than
the technique in [34], which means higher cross-eye gain. After
photoelectric conversion, the two jamming signals are generated.
Compared with the traditional cross-eye jamming systems based
on electrical methods, the novel photonic-assisted jammer has
the ability of jamming the radars whose operating band covers
a wide frequency band. Besides, fiber is used to replace the
high-transmission loss and heavy coaxial cables to promote the
capability of the proposed cross-eye jammer. The RF transfer
function of X-band, Ku-band and K-band was measured in the
experiment. The experimental results show that the amplitude
mismatch and phase mismatch are lower than 2.15 degrees and
0.4 dB, respectively. Calculated cross-eye gain is 39 dB.

II. PRINCIPLE

Fig. 1 shows a general architecture for a cross-eye jammer.
The two repeated signals generated by the cross-eye jammer
should maintain a phase difference of 180°, which means the
cross-eye jammer is sensitive to rotation. In order to address this
issue, cross-eye jammers should be retrodirective to ensure the
two repeated radar signals transmit the same distance to the radar
being jammed [22]. As indicated in Fig. 1, the cross-eye jammers
usually use two opposite path to implement the retrodirective
structure. τCW and τCCW are the transmission delays in CW
(clockwise) and CCW (counterclockwise) directions, respec-
tively. d is the distance between the two antennas. a and ϕ are
the relative amplitude and phase difference of the two signals.
To achieve high cross-eye gain and thus induce large angular
error to the tracking radar, the two paths should have roughly
equal amplitudes and time delays as well as ideally opposite
phases (a = 1, τCW = τCCW , ϕ = π) [17]. Cross-eye jammer
generates a false target. The combat platform and the false target
are some distance apart, and θe is the angular error induced by
the cross-eye jammer.

Fig. 2. Configuration of the novel photonic-assisted cross-eye jamming sys-
tem. (b), (c) Optical spectrum before and after optical spectrum processing. LD:
Laser diode; WDM: Wavelength division multiplexer; OSP: Optical spectrum
processor; MZM, Mach-Zehnder modulator; PD: Photodetector.

Based on this principle, we propose a novel photonic assisted
cross-eye jamming system, the schematic diagram is shown in
Fig. 2. R is the distance between the jammer and the radar being
jammed, θ is the angle between jammer and the radar. Two LDs
(Laser diodes) emit the continuous-wave optical carriers with
different wavelengths of ω1 and ω2 , as well as different powers
of P1 and P2, respectively.

The received radar signals are modulated to the MZMs (Mach-
Zehnder modulators). The two MZMs are adjusted at the quadra-
ture bias points. Assuming the radar signals modulated to MZM1
and MZM2 are V1 cos[ωs(t− τ1)] and V2 cos[ωs(t− τ2)], re-
spectively. ωs is the radar signal’s angular frequency. V1 and
V2 are the amplitude of the two radar signals, τ1 and τ2 are the
transmission delay from monopulse radar to the two antennas,
respectively. Under small signal modulation, the output optical
fields of the two MZMs can be written as

E1 (t) ∝
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where m1 = πV1/Vπ and m2 = πV2/Vπ are the modulation
indices produced by the two radar signals. Vπ is the half-wave
voltage of the MZM.

An OSP is utilized to adjust the phase of E2(t). As shown
in Fig. 2(b) and (c), the upper-sideband and lower-sideband of
E2(t) are introduced with opposite phase shifts by the OSP. The
output optical fields of the OSP can be expressed as

E2 (t) ∝
√
P2 exp (jω2t)
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where Δφ is the phase shift that can be tuned by programming
the OSP. The two optical signals transmit through the fiber and
then the PDs (photodetectors) beat the sidebands with the optical
carriers and generate the jamming signals. The cross-eye jammer
then emits the jamming signals to the radar being jammed. The
two jamming signals received by the radar being jammed can
be written as

I1 (t) ∝ �1α1P1J0

(m1
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)
J1

(m1

2
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cos [ωs (t− τ1 − τCCW − τ2)] (4)

I2 (t) ∝ �2α2P2J0
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× cos [ωs (t− τ2 − τCW − τ1) + Δφ] (5)

where τCW and τCCW are the transmission delays of the optical
signals in clockwise and counterclockwise directions, respec-
tively. α1 and α2 are the transmission losses of the two jamming
signals, respectively. �1 and �2 are the responsivity of PD1 and
PD2, respectively.

The angular error θe induced to the radars by the cross-eye
jammer can be expressed as [22]:

θe ≈ d cos θ

2R
GC (6)

Cross-eye gain GC can be written as [22]:

GC =
1− a2

1 + 2a cos (Φ) + a2
(7)

where a is the relative amplitude and Φ is the phase difference
of the two jamming signals.

To achieve high cross-eye gain and thus induce large angular
error to the radar being jammed, a should be 1 andΦ should be π
[17]. Thus, the OSP is programmed to adjust the phase difference
between the two jamming signals to be π. The transmission
delays of the two optical signals are also adjusted to be equal
by finely tuning the length of the optical fiber. The relative
amplitude of the two jamming signals is adjusted to be equal by
tuning the power of the optical carriers. When the two jamming
signals have equal magnitudes, opposite phases and matching
time delays, the largest angular error can be achieved. The
conditions for jamming can be expressed as
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Δφ = π (9)

τCW = τCCW (10)

However, these conditions are hard to be achieved due to the
stability and the tuning accuracy of the system. The amplitude
mismatch and phase mismatch between the transfer functions of
CW and CCW paths are the key factors affecting the cross-eye
gain. Fig. 3 shows the simulation result. It can be seen that the
cross-eye gain is a strong function of the two parameters, and
can be maximized with low mismatches.

Fig. 3. Simulated cross-eye gain showing reliance on amplitude mismatch and
phase mismatch.

The two jamming signals will distort the phase-front strongly
and thus induce large angular error to the radar. The follow-
ing simulation results show the effect of phase-front distortion
caused by the cross-eye jammer. In the simulation, the frequency
of the radar signal’s carrier is 8 GHz, and the distance between
the two jamming antennas is 10 m, the distance between the radar
and the jammer is 30000 m. In the simulation, the jammer is in
the direction of the tracking radar’s boresight. The phase-fronts
formed by the jamming signals under different parameters are
shown in Fig. 4. Compared Fig. 4(a) with (b), the distortion of
the phase-fronts will be more severe when the relative amplitude
is closer to 1 and phase difference is closer to π. Thus larger
angular error will be induced to the radar.

III. EXPERIMENT AND RESULTS

An experiment is carried out to verify the proposed novel
cross-eye jammer. We built the experimental setup which is
shown in Fig. 5. A vector network analyzer (VNA, Rohde
&Schwarz, ZVA-67) is used to measure the transfer functions
of CW and CCW paths. An Anristu’s MT9812B tunable laser
is used to emit optical carriers. By adjusting the intensity of
the optical carrier and the transmission loss of the two paths,
the amplitude of the jamming signals can be adjusted to be
equal. The optical frequency of the two lasers are 193.8 THz and
194 THz. The two optical carriers drove the Fujitsu’s FTM7938
MZMs with the half-voltage of 5 V and 3-dB bandwidth of
37 GHz. We use a Finisar’s waveshaper16000S to realize optical
phase inversion. After transmission through the optical fiber, the
photoelectric conversion is realized by a PD with the bandwidth
of 30 GHz. The time delay of the two paths are precisely
matched by using an optical tunable delay line (TODL) with
sub-picosecond resolution.

The CW and CCW paths’ transfer functions of X band, Ku
band and K band are obtained by using the VNA. The amplitude
mismatch and phase difference between the two transfer func-
tions can be obtained by comparing the two transfer functions.
The experimental results are shown in Fig. 6. The two figures
exhibit flat amplitude and uniform phase inversion over the
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Fig. 4. Phase-front formed by the jamming signals when (a) a = 0.9,
Φ = 182◦ and (b) a = 0.95,Φ = 181◦.

Fig. 5. Experimental setup for measuring the transfer functions of jammer’s
CW and CCW paths. VNA, vector network analyzer; TODL, tunable opti-
cal delay line; LD: Laser diode; OSP: Optical spectrum processor; MZM,
Mach-Zehnder modulator; PD: Photodetector; WDM: Wavelength division
multiplexer.

three bands. The maximum amplitude and phase mismatches
between the transfer functions of CW and CCW paths are below
0.4 dB and 2.15 degrees, respectively. The root mean square
of the amplitude mismatch of X-band, Ku-band and K-band
is 0.14 dB, 0.07 dB and 0.15 dB. The root mean square of the
phase mismatch of X-band, Ku-band and K-band is 1.02 degree,
0.65 degree and 0.65 degree. The experimental results show

Fig. 6. Amplitude mismatch and phase difference between the transfer func-
tions of CW path and CCW path. Experimental results of (a), (b) X band, (c),
(d) Ku band and (e), (f) K band.

higher tuning accuracy in the case of high operating frequency
and wide bandwidth compared with the technique proposed in
[34]. Although the cost and complexity of the proposed system is
more complex, it can achieve higher cross-eye gain. According
to the discussion in last section, the proposed cross-eye jammer
can realize over 39 dB of cross-eye gain. Large angular error
can be induced to the tracking radar.

Flat-response transfer functions of the system have been
achieved, which verifies broadband signal processing capability
of the OSP. However, the uneven frequency response of the RF
front-end may distort the performance of the system in practice.
This issue can be solved by using broadband and flat-response
RF front-end based on photonic technology [35]. Higher fre-
quency and wider bandwidth can be realized by utilizing the PD
with higher 3 dB bandwidth.

IV. CONCLUSION

A novel photonic-enabled broadband cross-eye jamming sys-
tem is demonstrated in this paper. The novel cross-eye jammer
utilizes the OSP to realize phase inversion, and thus generate two
jamming signals. Simulations have been conducted to investi-
gate the impact of mismatches on cross-eye gain. Furthermore,
the phase-front distortion is simulated. In the experiments, we
measure the transfer functions of the two paths in X, Ku and K
band. Experimental results show that the amplitude mismatch
and phase mismatch between the two paths are below 0.4 dB
and 2.15 degrees, respectively. Calculated cross-eye gain is 39
dB. Due to its capability of generating broadband jamming
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signals, the proposed scheme breaks the “electrical bottleneck”
of traditional cross-eye systems and has the ability of jamming
radars whose carrier frequency covers a large spectral range. The
proposed cross-eye jamming system may be applied to future
electrical warfare.
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