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A wideband-generalized pattern multiplication approach to evaluate the performance of an optical beamform-
ing-based wideband antenna array is proposed and experimentally demonstrated, which enables the far-field
measurement of a large wideband array with a small anechoic chamber. Because the optimum reception of
a wideband microwave signal is highly related to the time-domain distortions of the beamforming system, a
correlation-receiver-based radiation pattern is applied to take the fidelity of the wideband signals into account.
A four-element optical beamforming system is built to verify the feasibility of the proposed method. The results
achieved by the proposed method agree well with the conventional direct measurements.
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Optical beamforming, which is one of the most promising
solutions to the beam-squint problem in wideband array
antenna systems, such as high-resolution radars, electronic
warfare systems, and the upcoming 5Gmobile communica-
tion systems, has been a topic of interest in the last few
decades[1–7]. Thanks to the intrinsic advantage of large in-
stantaneous bandwidth brought by optical technologies,
broadband and large-range true time delay (TTD) can
be easily implemented in the optical domain[8–12]. Thus,
complex waveforms with larger instantaneous bandwidth
can be applied, which enables distinctive features such as
better resolution for ranging[13], larger suppression of gra-
ting lobes[14,15], and higher speed in wireless communica-
tions[16,17]. For the optical beamforming-based wideband
antenna array, it is of great importance to know what
the output signal at an arbitrary radiation direction is for
a given wideband input signal. However, the conventional
way to characterize the antenna array is implemented by
measuring the radiation patterns at a specific frequency or
several discrete frequencies in an anechoic chamber[18,19],
which cannot obtain the complete information of the an-
tenna system at a wide bandwidth. To solve this problem,
an integrated antenna pattern (IAP) is defined[20], which is
the integration of the transmitted power at a radiation di-
rection over the whole signal duration. The IAP maps the
two-dimensional angle-time function to a one-dimensional
angle function, which can be used to calculate the radio fre-
quency (RF) energy at certain radiation directions for a
given feeding waveform. However, information about the
time-domain distortion of the wideband signal in the
antenna and the optical beamforming network (OBFN)
cannot be obtained. Because the optimum reception of
a wideband microwave signal is highly related to the

time-domain distortions[21], the wideband antenna system
cannot be characterized by simply measuring the IAP.

Another challenge in evaluating the optical beamform-
ing-based wideband antenna array is that the size of the
required anechoic chamber is nearly proportional to the
square of the scale of the antenna array. According to
the antenna theory, for an antenna with a maximum over-
all dimension ofD and a feeding wavelength of λ, the inner
boundary of the far-field region is 2D2∕λ[22]. If N antennas
are arranged in a one-dimensional array, and the spacing
between two adjacent antennas is d, the inner boundary
should be larger than 2½ðN − 1Þd�2∕λ, indicating that a
big anechoic chamber should be used, which would dra-
matically increase the cost in the optical beamforming re-
search. Although the near-field or compact-range antenna
measurement could be resorted, which requires only a small
chamber, some special instruments, such as the planar
scanner for near-field probing and the reflector for com-
pact-range implementation, could also bring about an un-
affordable cost. This might be a reason for the fact that
radiation patterns in most works on optical beamforming
were obtained through numerical simulation[23,24] rather
than actual field measurement. Actually, the classical an-
tenna theory has provided a pattern multiplication ap-
proach to enable field measurement of a large array with
a small anechoic chamber[22]. In the pattern multiplication
approach, the total far-field is equal to the field of a single
element multiplied by the array factor, which is defined as
the summation of the complex feeding amplitudes for all
antenna elements. But, this approach can only be applied
to achieving the radiation pattern at a single frequency.

In this Letter, a correlation-receiver-based radiation
pattern measured by a generalized pattern multiplication
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approach is proposed to evaluate the performance of an
optical beamforming-based wideband antenna array. The
correlation-receiver-based radiation pattern assumes that
the radiated signal at a radiation direction is received by a
correlation receiver, and the maximum of the cross-
correlation between the radiated signal and the feeding
signal is adopted as the amplitude of the radiation pattern
at that radiation direction[25]. Since the correlation receiver
is assumed, the time-domain response of the antenna and
the OBFN is taken into account, and its influence becomes
observable. In addition, a generalized pattern multiplica-
tion approach is developed for wideband far-field
measurement in which frequency is introduced as a new
independent variable to the classical pattern multiplica-
tion approach. The frequency-dependent far-field radia-
tion of a single antenna element is first measured,
which requires only a small anechoic chamber. Then,
the radiation feature of an antenna array in the band of
interest is calculated by the summation of the complex
feeding amplitudes for all antenna elements. Because
the proposed method is developed for the wideband sce-
nario, the wideband feature of optical beamforming can
be studied and explored. A four-channel OBFN for feeding
a four-element wideband antenna array is built to validate
the proposed method. The feasibility of the generalized
pattern multiplication approach is demonstrated and
the sensitivity of the correlation-receiver-based pattern
to the signal distortion in the time domain is studied.
Figure 1(a) shows the configuration of a typical one-

dimensional optical beamforming-based antenna array
in which an RF signal is multi-cast and independently con-
trolled in terms of delay, phase, and amplitude with opti-
cal techniques in each channel of an OBFN. The electric
field radiated by the antenna array is affected by both the

response of the OBFN and the radiation feature of the
antenna elements. Using the superposition theorem and
neglecting the mutual coupling between the antenna ele-
ments as well as all of the nonlinear effects, the signal
probed at a constant distance in the far-field range and
an observation angle of θ with respect to the broadside
direction can be expressed as

SRðω; θÞ ∝
X
n

�
ST ðωÞ·HnðωÞ·Anðω; θÞ

·exp
�
−jω

1
c
dðnÞ sin θ

��
¼ ST ðωÞ·HSYSðω; θÞ; (1)

where ST ðωÞ is the spectrum of the feeding signal,
H SYSðω; θÞ is the system response that contains both
the response of the OBFN and the radiation feature of
the antenna elements, HnðωÞ is the frequency response
of the nth channel in the OBFN, Anðω; θÞ is the radiation
pattern of the nth antenna, dðnÞ is the distance between
the nth antenna and a reference point that determines the
signal delay at the probe, c is the speed of light in vacuum,
and ω, the angular frequency, is listed as an independent
variable to adapt for the wideband scenario. Assume that
the antennas are similar and are uniformly arranged,
H SYSðω; θÞ can be written as
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where Aðω; θÞ is the average pattern of the antennas,
AΔ;nðω; θÞ is the deviation of the radiation feature for
the nth antenna, and d is the uniform spacing between
two adjacent antenna elements. In practice, jAΔ;nðω; θÞj is
designed to be much smaller than jAðω; θÞj, thus, Eq. (1)
can be simplified to

SRðω; θÞ ∝ ST ðωÞ·HSYSðω; θÞ; (3)

where

HSYSðω; θÞ ¼ Aðω; θÞ·AFðω; θÞ; (4)

AFðω; θÞ ¼
X
n

HnðωÞ·exp
�
−jω

nd
c

sin θ

�
: (5)

Equation (3) gives the definition of the wideband-
generalized pattern multiplication approach. Compared
with the classical pattern multiplication approach, the
generalized one takes both the feeding waveform and the
wideband responses into consideration, which can be ap-
plied in the wideband antenna array analysis. In addition,
as can be seen from Eqs. (3) and (4), the total field

Fig. 1. Comparison of the two methods for the measurement of
an antenna array: (a) direct measurement with a large anechoic
chamber and (b) indirect measurement using a wideband-gener-
alized pattern multiplication approach with a small chamber.
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radiated by the array is factorized into three terms: the
spectrum of the feeding signal ST ðωÞ, the pattern of a sin-
gle antenna Aðω; θÞ, and the frequency-dependent array
factor AFðω; θÞ, which is defined by Eq. (5). In practice,
ST ðωÞ is a known function, Aðω; θÞ can be measured by an
electrical vector network analyzer (EVNA) in a small
anechoic chamber, andAFðω; θÞ can be achieved by meas-
uring the response of each channel in the OBFN using the
EVNA. As a result, the measurement schemes can be sim-
plified to Fig. 1(b). It should be noted that when measur-
ing Aðω; θÞ a receiving antenna and an optional low noise
amplifier (LNA) might be employed. Their response
HRðωÞ could affect the measurement accuracy. Fortu-
nately, if an absolute-gain measurement[26] is conducted
or if HRðωÞ performs close to an ideal delay line, the
influence of the receiving antenna and the amplifier can
be eliminated or neglected.
Although Eq. (3) can give the accurate radiation feature

of an optical beamforming-based wideband antenna array,
it is a two-dimensional frequency-angle function. To obtain
the performance of the wideband antenna array in an in-
tuitiveway, the received signal fromeach observation angle
is sent to a matched filter for correlation reception. The
maximumof the cross-correlation between the radiated sig-
nal and the feeding signal is adopted as the amplitude of the
radiation pattern at that angle. As such, a correlation-
receiver-based radiation pattern, or correlation-maximum
pattern (CMP), is obtained. Since the correlation receiver is
sensitive to the time-domain distortions, the influence
of the time-domain response of the antenna and the OBFN
becomes observable.
Mathematically, the output waveform of the matched

filter is given by

scorðτ; θÞ ¼ F−1fSRðω; θÞ·S�
T ðωÞg

¼
Z þ∞

−∞
sRðt; θÞ·sT ðt þ τÞdt; (6)

where F−1f·g denotes the inverse Fourier transforma-
tion, and sRðt; θÞ and sT ðtÞ are the signals in the time
domain. The CMP, i.e., the maximum of scorðτ; θÞ at a
certain observation angle θ, can be written as

CMPðθÞ ¼ maxτfscorðτ; θÞg: (7)

For band-pass signals, the CMP can also be defined
using the envelope of the correlation receiver output:

gCMPðθÞ ¼ maxτfj~scorðτ; θÞjg: (8)

Based on the definition of the CMP and the generalized
pattern multiplication approach, the optical beamform-
ing-based wideband antenna array can be characterized
by using a process shown in Fig. 2.
To verify the feasibility of the proposed method, we first

experimentally compare the HSYSðω; θÞ defined in Eq. (2),
which is directly measured in a anechoic chamber, and the
simplifiedH SYSðω; θÞ in Eq. (4), which is acquired by three

steps: single-antenna-element measurement in a chamber,
frequency response measurement of the OBFN using an
EVNA, and post calculation using the proposed wide-
band-generalized pattern multiplication approach. The
measurement setups are shown in Fig. 1. A four-channel
OBFN is built with the schematic diagram shown in Fig. 3.
An optical carrier from a laser source (Agilent N7714A) is
sent to an electro-optic modulator (EOM) driven by a RF
signal from an EVNA (Rohde & Schwarz ZVA67). After
amplification in an erbium-doped fiber amplifier (EDFA),
the modulated lightwave is equally divided into four chan-
nels in which the relative delays between the channels are
adjusted by three optical variable delay lines (OVDL,
General Photonics Inc.). The optical signals are then con-
verted back to the RF domain in four photodetectors
(PDs) for feeding a four-element X-band antenna array
in which the spacing between two adjacent elements is
3 cm. In the anechoic chamber depicted in Fig. 3, the re-
ceiving horn antenna is placed 2.7 m away from the

Fig. 2. Flow chart of the process for performance evaluation of
the optical beamforming-based wideband antenna array.

Fig. 3. Diagram of the optical TTD-based OBFN used in the
experiment and a photograph of the experimental setup in
anechoic chamber.
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positioner that carries the antenna array under test, which
is far enough to fit the far-field conditions of both the sin-
gle antenna element and the four-element array. Signals
captured by the receiving antenna are amplified by an
8–18 GHz LNA and then sent back to the EVNA. For
the direct measurement, the four-antenna element in the
array is simultaneously excited by RF signals from the
PDs, while for the indirect measurement, the RF signal
from each PD is immediately sent to the ENVA for the
measurement of HnðωÞ, and only one element in the array
is excited by the RF output from the ENVA to mea-
sure Aðω; θÞ.
In the experiment, the OVDLs are adjusted to orient

the main lobe of the array to the directions of 0° and
45°. In addition, a random delay setting is applied to real-
ize a none-main lobe scenario. System responses of the
three configurations are shown in Fig. 4 in which the re-
sults of the direct measurement and the proposed indirect
measurement are depicted in the left and right columns,
respectively. Due to the fact that the pattern of one single
antenna in the array reaches its maximum at around 0°,
the array main lobe at 0° in Figs. 4(a) and 4(b) is more
prominent than the 45°-main lobe in Figs. 4(c) and 4(d).
For the same reason, the grating lobe caused by the large
spacing of 3 cm, which is equal to the wavelength of a
10 GHz sine wave, prevails over the remote main lobe
at an angle of 45°.
To compare the two-dimensional results in depth, sev-

eral sectional drawings along both the frequency and the
angle directions are plotted, as shown in Fig. 5. In addi-
tion, the CMPs of the three beamforming configurations

are calculated under a linear frequency-modulated (LFM)
feeding with a 10 GHz center frequency and a 3 GHz band-
width. As can be seen, the results achieved by the wide-
band-generalized pattern multiplication approach match
well with the directly measured ones, however, some
small deviation still exists. This is mainly caused by the
differences in the radiation features of the four antennas
in the array, i.e., the second term in Eq. (2). Since the
deviation is negligible in general, the proposed wide-
band-generalized pattern multiplication approach is valid
so that the performance evaluation of the optical beam-
forming-based wideband antenna array can be conducted
using only a small anechoic chamber.

Then, we investigate the sensitivity of the CMP to the
distortion of the transmitted signal. For this purpose, the
grating lobe of a 16-element, 3 cm spacing array with a
main lobe oriented to 45° is numerically studied using both
the IAP and the proposed CMP. For simplicity, we as-
sume that the feeding signals are ideally delayed in the
OBFN and the antennas in the array are frequency-
independent, isotropic, and identical. The array is fed
by LFM signals with a center frequency of 10 GHz, a time
duration of 50 ns, and different instantaneous bandwidths
of 0–4 GHz. Similar to Figs. 4(c) and 4(d), a grating lobe in
the system response would be observed around −17°. In
addition, the precise position of the grating lobe changes
with the feeding frequency, which indicates that if a wide-
band feeding is applied, only some of the frequency com-
ponents would be radiated to −17°. Thus, the received
signals at −17° would be severely distorted, as the enve-
lopes shown in Fig. 6(a), in which the only distortionless
signal is the one under the 10 GHz single tone (0 GHz
bandwidth) feeding. The distortion should be mapped
to the power levels of the IAP and CMP at −17°. As

Fig. 4. Two-dimensional system responses obtained by (a), (c),
and (e) direct measurements and (b), (d), and (f) the wideband-
generalized pattern multiplication approach with (a) and
(b) 0°-, (c) and (d) 45°-, and (e) and (f) none-main lobe TTD
configurations.

Fig. 5. Details of the system responses in Fig. 4 and the calcu-
lated CMPs with (a)–(c) 0°-, (d)–(f) 45°-, and (g)–(i) none-main
lobe TTD configurations.
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can be seen in Figs. 6(c) and 6(d), the values of both of the
two kinds of patterns at −17° decreases with the increas-
ing bandwidths, but a more obvious reduction can be
found in the CMP. Relative changes of the IAP and
CMP at −17° under LFM feedings with different band-
widths are summarized in Fig. 6(b). The CMP, which uti-
lizes the maximal output of a correlation receiver, is more
sensitive to the signal distortion induced by the optical
beamforming system. In the system where wideband feed-
ings are applied to suppress grating lobes[14,15], the CMP
could enable a better suppression ratio under the same
feeding condition, as depicted in Figs. 6(c) and 6(d).
In conclusion, a method to evaluate the performance of

an optical beamforming-based wideband antenna array is
proposed with the wideband-generalized pattern multipli-
cation approach and correlation reception. With the fre-
quency-dependent array factor and the CMP, more
comprehensive and intuitive information on the radiation
characteristic of an array fed by different wideband
signals, which feature the optical beamforming, could
be provided for further analysis and evaluation.
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Fig. 6. Signal distortion at a grating lobe of −17° and the cor-
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