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ABSTRACT: Frequency diverse arrays (FDAs) have drawn great attention because they can provide a time-range-angle-dependent beam
pattern that has many promising potential applications in navigation and radar systems. However, due to the limitations of measurement
systems, this attractive beam pattern has not been experimentally observed. Here, a far-field measurement system for the time-range-
angle beam pattern of FDA is proposed by improving the existing near-field mapping system. Without loss of generality, two types
of time-range-angle-dependent beam patterns for FDA systems with different frequency sets are observed using the proposed far-field
measurement system. The high efficiency and accuracy of the proposed system is verified by good agreement between the measured and
simulated results. This work marks significant progress toward the practical implementation and application of FDAs.

1. INTRODUCTION

Phased array (PA) is one of themost versatile antennas, which
can steer a beam by controlling the relative phases between

elements. However, the switching interval of the beam state
is restricted to milliseconds (ms) due to diode switching speed
limitations, which limits the warning and searching radar ap-
plications that require fast scanning and response [1–3]. As an
alternative to a PA, a frequency diverse array (FDA), in which
the carrier frequency of each element is slightly distinguished,
has been proposed to enable automatic beam scanning at a faster
speed (the scanning period is not greater than nanoseconds) [4–
6]. Owing to the degree of freedom in choosing the frequency
for each element, an FDA can provide a range-angle-dependent
beam pattern [4], which has drawn great attention in radio fre-
quency stealth [5], low probability of interception radar [6],
anti-interference systems [7], and secure wireless communica-
tion [8].
Since an FDA was first proposed by Antonik et al. in [4],

many FDA schemes, including linear frequency-modulated
continuous waveform [9], stepped frequency pulse [10, 11],
and transmit subaperture schemes [12], have been proposed to
construct radar with a fast automatically scanning beam. At
present, most of the studies on FDAs have focused on the anal-
ysis of array characteristics and the design of the transmitting
pattern [13–24]. Among them, some researchers have studied
the range-dependent properties of transmitting beams and their
applications in range fuzzy clutter suppression. The periodic
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scanning characteristics of the FDA beam have also been stud-
ied. In addition, researchers have carried out much research on
FDA signal processing technology. However, traditional FDA
schemes cannot be directly used in joint angle-range estima-
tion due to their angle-range-coupled beam. To solve this prob-
lem, some particular frequency distributions, such as a nonlin-
ear frequency offset [25, 26], a random frequency offset [27],
and multicarrier distributions [28, 29], have been designed to
achieve a range-angle-decoupled beam, which further enables
joint angle-range estimation.
Although time-range-angle-dependent beam pattern is one of

the most important features of an FDA, which exhibits a fun-
damental difference between PAs and FDAs [30], there is little
research on experimental measurement of this unique beam pat-
tern. An important reason is that the beam of an FDA not only is
angle-distance dependent but also has fast time-varying charac-
teristics (periods are often on the order of nanoseconds), which
cannot be supported by the traditional far-field scanning sys-
tem. In order to attempt to capture the fast time-varying elec-
tromagnetic field at different positions, some tries have been
carried out. A double probe near-field scanner for measure-
ment in the time domain is presented in [31, 32], which has
proven to be useful in the measurement of frequency-hopping
signals and the E-field on a printed circuit board (PCB). Al-
though the above research has realized the measurement of
time-varying E-fields, it is only applicable to near-field scan-
ning. Ref. [33] carried out a study of time-varying EM far-field
measurement of FDA system. However, this study only mea-
sured the angular-domain distribution of the time-varying EM-
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field, which did not involve the distance domain at all. More
importantly, the above researches use the rising or falling edge
of the pulse signals captured at a fixed position as references
to realize time-domain synchronization, which is not univer-
sal to all the measured systems. For example, the EM energy
emitted by the common continuous wave FDA system does not
have obvious rising or falling edge characteristics after synthe-
sizing at a certain position. On the other hand, the above meth-
ods are greatly affected by the external environment, so when
the Signal to Noise Ratio (SNR) of the reference signals cap-
tured in space decreases, the accuracy of time synchronization
is difficult to be guaranteed. Therefore, considering the above
two reasons, the measurement methodwith higher time-domain
synchronization accuracy and stability is still to be explored.
In this article, we present an improved time synchronization

technology to implement the far-field measurement of the time-
range-angle-dependent beam pattern of an FDA system. Dif-
ferent from the existing time synchronization technology, the
proposed method takes the standard periodic signal, e.g., sinu-
soidal signal, instead of pulse signal as the reference signal to
achieve higher accuracy and stability of time synchronization.
The experimental observation results are also in good agree-
ment with numerical ones, which effectively verify the correct-
ness of the theoretical model of FDA. In addition, some prac-
tical influencing factors, such as the inconsistency of radiation
characteristics of the antenna unit in different directions and
at different operating frequencies, the coupling effect between
different channels, and spatial attenuation due to the air envi-
ronment, are unavoidable and seriously affect the actual perfor-
mance of an FDA system. These factors cannot be considered
in theoretical models, but the proposed measurement method
can obtain the theoretically ignored characteristics of an FDA,
which would help optimize the system design.
The remaining sections of this article are organized as fol-

lows. Some theoretical properties of the FDA beam pattern re-
lated to experiments are firstly discussed in Section 2. Further-
more, an improved far-field time-domain measurement system
and the detailed measurement method are introduced in Sec-
tions 3 and 4, respectively. The measured results of a common
FDA (i.e., an FDA with a uniform frequency offset [UFO]) are
reported in Section 5. In addition, the measured E-field and
beam pattern of another FDA (i.e., an FDA with a nonuniform
frequency offset [NUFO]) are further discussed. Conclusions
are drawn in the final section.

2. FDA PROPERTIES
In this study, we consider a one-dimensional (1D) FDA made
of N transmitting elements (TEs) with spacing d, as shown in
Fig. 1(a). Different from a traditional PA, each TE generates
EM radiation waves with different carrier frequencies. For the
i-th element, the transmitted signal is given by

si (t) = exp [j (2πfit+ φi)] (1)

where φi is the initial phase (i.e., the phase at the initial mo-
ment), and fi is the radiation frequency of the i-th element,
which can be further given by

fi = f0 +∆fi (2)

where f is the frequency of the first element, and ∆fi is the
frequency offset of the i-th element. Without loss of generality,
the total radiated signal stotal(t) arriving at point (r, θ) in the
far-field region can be expressed as (3),
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In (3), τi = r/c − id sinθ/c is the delay time between the
origin of the i-th element and the observation point. In addi-
tion, c is the speed of light. Note that the total radiated signal
stotal(t) can be measured. Furthermore, the pattern function
(PF) D(t, r, θ) of the FDA can be calculated using (4),
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From (4), we clearly observe that each term of PF D of the
FDA can be rewritten as the product of three parts (i.e.,D1i(θ),
D2i(θ), and D3i(tr)) with different characters. The first term
D1i(θ) is exactly consistent with that of a conventional PA. The
second termD2i(θ) is an angle-dependent item unique to FDA
systems which affects the initial radiation direction of the array.
The last term D3i(tr) is the time-range-dependent item lead-
ing to a shaped beam pattern, which is regarded as one of the
most prominent features of an FDA. Here, to simplify the anal-
ysis, the effects of mutual coupling and the beam pattern of the
elements are ignored in this qualitative analysis process. No-
tably, both mutual coupling and the element beam pattern are
range- and time-independent, which does not lead to a range-
time-dependent beam pattern. In other words, the range-time-
dependent beam pattern is an intrinsic FDA attribute.
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(a)

(b)

FIGURE 1. (a) Configuration of the FDA. This FDA is made of N TEs with spacing d, in which the first TE is regarded as the reference TE
and its position is chosen as the origin of the coordinates. (b) Schematic diagram of the generic FDA prototype system, which is composed of a
100MHz-shared reference crystal oscillator and N wide-angle antennas, N phase shifters, and N voltage-controlled oscillators.

Before discussing the detailed measurement method, here,
we further investigate the time-dependent properties of the PF
D(t, r, θ) of an FDA system. According to (4), it depends on
the time-dependent properties of D3i(tr). However, demon-
strating the existence of a time-domain period for all FDA sys-
tems is impossible. Nevertheless, for actual FDA systems, the
transmitted frequency produced by the local oscillator (LO) can
be only selected as an integral multiple of the minimum scale
∆fLO (i.e., theminimumLO step). Hence, the frequency offset
of the i-th element ∆fi can be further expressed as mi∆fLO

(i = 1, 2, 3 . . .), in whichmi is the corresponding integer of the
i-th frequency offset. In this case, D3i(tr) can be further given
as:

D3i
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This shows that all D3i(tr) (i = 1, 2, 3 . . .) have the same
period 1/∆fLO. Hence, PF D(t, r, θ) is a periodic function,
which implies periodic beam behavior of the FDA. In fact, for
an actual FDA system, the real period can be easily obtained
as 1/m∆fLO, where m is the greatest common divisor of m1,
m2, …, mN−1. However, note that the frequency of the first

element f is also an integral multiple of the minimum scale
∆fLO, recorded as f = q∆fLO. Hence, the total radiated sig-
nal stotal(t) is also periodic, whose period can be determined
by 1/q1∆fLO, where q1 is any common divisor ofm and q0. It
is the unique periodic beam behavior of FDA that provides an
effective approach to realize time synchronization by using the
signal generated by the crystal oscillator of FDA transmitter as
reference.
To show the beam patterns of FDAs with different frequen-

cies, we use a homemade FDA prototype system based on spoof
surface plasmon polariton technology [34], which is composed
of a series of transmitting links (TLs) with different frequencies
and a 100MHz shared reference crystal oscillator connected to
each TL using an N -way power divider, as shown in Fig. 1(b).
In this design, the i-th TL is composed of a wide-angle antenna,
a phase shifter, and a voltage-controlled oscillator (VCO) with
frequency fi. In this system, the phase shifter and shared ref-
erence crystal oscillator are used to maintain all links with the
same frequency primarily standard. To facilitate a comparison
of the measured and calculated results, we make all initial TE
phases consistent by carefully adjusting the phase shifter.
One of themost important advantages of the proposed system

is that it can easily switch between different frequency offsets
based on a single system. This can help us control other irrel-
evant variables, for example, the machining error between dif-
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FIGURE 2. (a) Configuration of the measurement system, which is an upgraded traditional far-field measurement system. This system is composed of
a measured FDA transmitted system, a rotary stepper motor with a stage, a linear stepper motor, a supporting rod, a receiving antenna, an oscilloscope
with two synchronous sampling channels, and a master computer used to control the motors and oscilloscope. Noted that the center of the FDA
transmitter antenna array is located at the rotating center of the rotary motor (b) Photographs of the measurement system, FDA and receiving antenna.
A detailed view of the FDA transmitted system and receiving antenna is shown in the inset. (c) Radiation patterns of the antennas unit at 8.7GHz.
(d) Radiation patterns of the antennas unit at 9.3GHz. (e) Radiation patterns of the antennas unit at 9.9GHz.Without loss of generality, we use the
planar half-wave dipole antenna as the transmitting and receiving antenna unit, where the transmitting antenna is a 8-element linear array of and
the receiving antenna consists of only one unit. Each unit has the same size (11.62mm ∗ 11.62mm). The operating bandwidth of the antenna unit
covers 8.7–9.9GHz and its half-power beam-width is greater than ±45◦.

ferent samples. Without loss of generality, two common kinds
of FDAs are implemented for real measurements using this pro-
totype system. One is an FDA with a linear gradient frequency
offset (LGFO) (i.e.,∆fi = i∆f1), and the other is an FDAwith
a nonlinear gradient frequency offset (NLGFO). We select two
common frequency sets in the X band for the experiment, as
shown in Table 1.

3. FAR-FIELD TIME-DOMAIN MEASUREMENT SYS-
TEM
In this section, we discuss the details of the measurement sys-
tem. Considering the time range-dependent properties of the
FDA beam pattern, the proposed measurement system should
have the ability to sample at different times, ranges, and angles.
However, traditional far-field measurement systems only have
rotatingmotors, whichmakes the systems have only angle scan-
ning [33]. In other words, we need to improve the traditional
systems so that time and distance scanning can be achieved.
On the one hand, to achieve range scanning, we install a far-
field receiving horn on a controlled linear stepper motor rather

than directly at the far end of the microwave anechoic cham-
ber, as shown in Fig. 2(a). With the help of this linear stepper
motor, the far-field receiving horn can move in the radial direc-
tion, which makes the measurement system capable of range
scanning. We also cover the surface of the stepper motor struc-
ture and other support structures with absorbing materials to
avoid the influence of EM wave radiation. On the other hand,
adding time scanning to the system requires obtaining far-field
information at different points at the same time over a certain
period, which is almost impossible for an actual measurement
system. To solve this problem, we propose a periodic extension
method based on the periodic properties of the FDA beam pat-
tern. Because this method can use the signal measured in any
period for periodic extension, it allows the measurement of far-
field signals at different positions and at different times, which
can be implemented through mechanical scanning. However,
to ensure time synchronization in the whole measurement, we
propose to synchronously sample a periodic signal (e.g., a peri-
odic sine wave signal) as a reference signal. More importantly,
considering the signal coherence, we suggest using the signal
related to the output of the shared reference crystal oscillator
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FIGURE 3. Schematic diagram of the measurement process.

TABLE 1. FDA system frequency sets.

TE Label LGFO Scheme NLGFO Scheme
Frequency Frequency Offset Frequency Frequency Offset

0 9.00GHz 0.00GHz 9.00GHz 0.00GHz
1 9.10GHz 0.10GHz 9.17GHz 0.17GHz
2 9.20GHz 0.20GHz 9.30GHz 0.30GHz
3 9.30GHz 0.30GHz 9.35GHz 0.35GHz
4 9.40GHz 0.40GHz 9.53GHz 0.53GHz
5 9.50GHz 0.50GHz 9.58GHz 0.58GHz
6 9.60GHz 0.60GHz 9.64GHz 0.64GHz
7 9.70GHz 0.70GHz 9.70GHz 0.70GHz

as the reference signal, and its period is 1/q1∆fLO. According
to this idea, far-field information and reference signals must be
synchronously sampled over a period using an oscilloscope. In
our measurement, the output of the 100MHz shared reference
crystal oscillator and its decade frequency division are selected
as the reference signals of the FDAs using the LGFO and NL-
GFO schemes, respectively.
According to the above ideas, we upgrade a traditional far-

field measurement system to meet the requirements for FDA
measurements. This customized far-field measurement system
is composed of three modules: a transmitter, a receiver, and
a data collector, as shown in Fig. 2(a). First, the transmitter
module includes the measured FDA system, a high-accuracy
rotary stepper motor, and a stage. In our measurement, the FDA

transmitter is installed on the stage, which is fixed on the rotary
stepper motor controlled by amaster computer, whose accuracy
and minimum angle step size are 0.03◦ and 0.1◦, respectively.
Through such designs, we can sweep the observed angle with
an interval of 1◦ in the region of interest. The center of the
FDA transmitter antenna array is deliberately placed in the ro-
tating center of the rotatory motor. Second, the receiver mod-
ule is composed of a receiver antenna, a supporting rod, and
a high-accuracy linear stepper motor. In the measurement, the
receiver antenna is fixed on the supporting rod, and the linear
stepper motor is used to carry the whole receiving part in the ra-
dial direction, whose accuracy and minimum step are 0.05mm
and 0.1mm, respectively. This design makes sweeping in the
radial direction possible with an interval of 10mm. Between
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(a) (b)

(c) (d)

FIGURE 4. (a) Results of the measured signal and reference signal (sinusoidal) of the FDA system using the LGFO scheme sampled at (−30◦, 1.00m).
(b) Results of the measured signal and reference signal (sinusoidal) of the FDA system using the LGFO scheme sampled at (−30◦, 1.01m). (c)
Results of the measured signal and reference signal (sinusoidal) of the FDA system using the NLGFO scheme sampled at (−30◦, 1.00m). (d) Results
of the measured signal and reference signal (sinusoidal) of the FDA system using the NLGFO scheme sampled at (−30◦, 1.01m).

the transmitter and receiver, a clock signal is linked through
the coaxial line cable to ensure the synchronization. Since the
cable delay is the same at different collection points, the field
distribution measurement can still be equivalent to simultane-
ous. In other words, the received signal of all collection points
is equivalent to a same translation in the time domain. Third,
the data collector module is composed of a digital storage oscil-
loscope (Agilent DSO91304A) with two synchronous sampling
channels and a master computer that simultaneously controls
the motors and oscilloscope to automate the sampling process
at different spatial positions.

4. FDA TIME-RANGE-ANGLE-DEPENDENT BEAM
PATTERN MEASUREMENT METHOD
Based on the above measurement system, we propose a mea-
surement method for the FDA time-range-angle-dependent
beam pattern. The measurement process is shown in Fig. 3.
Before testing, we should fix the FDA transmitter on the

stage with a rotary stepper motor and fix the receiver on the
supporting rod with a linear stepper motor. To minimize the
impact of the environment, we can cover the surface of the
stepper motor and other support structures with absorbing
materials. In this measurement example, the initial position of
the distance domain is set to 0.5m, and the initial position of
the angle domain is set to −60◦. Next, the data are collected
simultaneously by dual-channel oscilloscope, and the signal
duration is set to 20 nanoseconds. Then, the distance-domain
motor drives the receiving horn to move to the next position
in a preset step (0.01m) until the distance-domain position
reaches 1.5m. In our opinion, there are two main factors that
determine the sampling distance range. On the one hand,
the radial distance must satisfy the far field condition of the
antenna array. By calculation, the far field condition of the
antenna used is greater than 0.57m. On the other hand, too far
radial distance will lead to weak electromagnetic field energy,
which is not conducive to the accuracy and reliability of the
measurement. Taking the above reasons into consideration, we
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FIGURE 5. Simulated E-field distribution of the FDA system using the
LGFO scheme. (a) 0 ns; (b) 1 ns; (c) 2 ns; (d) 3 ns; (e) 4 ns; (f) 5 ns; (g)
6 ns; (h) 7 ns; (i) 8 ns; (j) 9 ns; (k) 10 ns; (l) 11 ns.

(a) (b)

(c) (d)

(e) (f)

(g) (h)

(i) (j)

(k) (l)

FIGURE 6. Measured E-field distribution of the FDA system using the
LGFO scheme. (a) 0 ns; (b) 1 ns; (c) 2 ns; (d) 3 ns; (e) 4 ns; (f) 5 ns; (g)
6 ns; (h) 7 ns; (i) 8 ns; (j) 9 ns; (k) 10 ns; (l) 11 ns.

determined the radial distance range to be 0.5 to 1.5m. In a
similar way, the angle-domain motor turns the FDA transmitter
in a preset step (1◦) until the angle-domain position reaches
60◦. When the space traversals in range and angle domain
are both completed, the data measured at different positions
are all stored and processed. Finally, the spatial distribution
of the E-field or beam pattern can be plotted. Note that the
amplitude-phase calibration of different FDA elements is
not mentioned in the measurement process. The calibration
of amplitude and phase is intended to improve FDA system
performance and is not part of the study of the measurement.
In other words, even without calibration, the proposed method
should be able to observe the corresponding field distribution.

Different from traditional far-field measurement methods,
the proposed method has the capability to measure the time-
varying field distribution of FDA systems with continuous-
wave scheme, which is realized by introducing the time refer-
ence signal. Notably, the period of the reference signal must be
equal to the FDA beam-scanning period (in this measurement
example, period is 10 ns). Since the principles are the same,
we take the measurement of the LGFO scheme as an example.
Without loss of generality, we assume that we want to measure
the E-field distribution at time T1, and the time corresponding
to the zero value of the rising edge of the reference signal is de-
fined as time T . According to the above process, the position
of the receiving antenna is constantly adjusted, and the signals
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FIGURE 7. Simulated E-field distribution of the FDA system using the
NLGFO scheme. (a) 0 ns; (b) 1 ns; (c) 2 ns; (d) 3 ns; (e) 4 ns; (f) 5 ns;
(g) 6 ns; (h) 7 ns; (i) 8 ns; (j) 9 ns; (k) 10 ns; (l) 11 ns.
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(c) (d)

(e)
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(f)

FIGURE 8. Measured E-field distribution of the FDA system using the
NLGFO scheme. (a) 0 ns; (b) 1 ns; (c) 2 ns; (d) 3 ns; (e) 4 ns; (f) 5 ns;
(g) 6 ns; (h) 7 ns; (i) 8 ns; (j) 9 ns; (k) 10 ns; (l) 11 ns.

at different positions are recorded for more than one period un-
til the whole area is traversed. In Figs. 4(a) and 4(b), we ran-
domly display the measured signal sampled at (−30◦, 1.00m)
and (−30◦, 1.01m). Although the sampling process at these
two positions is carried out in turn, the field distributions can
be considered to be equivalent to those obtained with simulta-
neous acquisition if the time difference from time T is (T1−T ).
Similarly, the measured results at all positions are equivalent to
those obtained simultaneously using this method. Since we set
the interval for the receiving antenna to move to the next sam-
pling position at 1 second, time T difference in Figs. 4(a) and
4(b) is exactly 1 second. In addition, Figs. 4(c) and (d) show the

measured signals obtained in the measurement of the FDA sys-
tem using the NLGFO scheme. Because the time-varying pe-
riod of the field distribution is different, the selected reference
signal period is also different. In addition, it can be clearly seen
from Fig. 4 that the SNR of periodic signals captured in space
decreases without obvious rising or falling edge characteristics,
which seriously deteriorates the accuracy of time synchroniza-
tion in [31–33]. Besides, although the vibration of the motor is
inevitable, the data is collected in the static state after the probe
movement is completed. So, the effect of motor vibration on
data acquisition can be negligible.
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(f)

FIGURE 9. Calculated beampattern of the FDA system using the LGFO
scheme. (a) 0 ns; (b) 1 ns; (c) 2 ns; (d) 3 ns; (e) 4 ns; (f) 5 ns; (g) 6 ns;
(h) 7 ns; (i) 8 ns; (j) 9 ns; (k) 10 ns; (l) 11 ns.
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(g) (h)

(i) (j)

(k) (l)

(f)

FIGURE 10. Measured beampattern of the FDA system using the LGFO
scheme. (a) 0 ns; (b) 1 ns; (c) 2 ns; (d) 3 ns; (e) 4 ns; (f) 5 ns; (g) 6 ns;
(h) 7 ns; (i) 8 ns; (j) 9 ns; (k) 10 ns; (l) 11 ns.

5. ANALYSIS OF THE MEASURED RESULTS

To verify the validity of the proposed method, we measure the
E-field distribution of the FDA system using the LGFO and
NLGFO schemes, and the measurement results are compared
with the simulated ones. It is worth mentioning that commer-
cial simulation software “CST Microwave Studio” is used to
complete all simulation. The simulated E-field distribution of
the FDA system using the LGFO scheme is shown in Fig. 5.
Without loss of generality, we select the results at t = 0, 1, 2,
3, 4, 5, 6, 7, 8, 9, 10, and 11 ns as representative examples to
show the time-varying characteristics of the E-field distribu-
tion. As predicted, the E-field distribution of this FDA system
presents a curve shape, and the time-varying period is exactly

10 ns (1/∆f). As shown in Fig. 6, both the measured curve-
shaped distribution and time-varying period are in good agree-
ment with the simulated results, which confirms the effective-
ness of the proposedmethod. In our opinion, there are twomain
factors in the determination of the sampling density. On the
one hand, the number of acquisition points should be enough
to ensure that the observed field distribution performance can
be fully revealed. On the other hand, sampling density is also
limited by time cost, and too many sampling points would lead
to unnecessary time cost. According to the empirical principle,
0.4 to 0.6 wavelength is usually selected as the collection point
spacing (The angular interval can be determined by the radial
distance of the center). Taking the above two factors into con-
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FIGURE 11. Calculated beampattern of the FDA system using the NL-
GFO scheme. (a) 0 ns; (b) 1 ns; (c) 2 ns; (d) 3 ns; (e) 4 ns; (f) 5 ns; (g)
6 ns; (h) 7 ns; (i) 8 ns; (j) 9 ns; (k) 10 ns; (l) 11 ns.

(a) (b)

(c) (d)

(e) (f)

(g) (h)

(i) (j)

(k) (l)

FIGURE 12. Measured beampattern of the FDA system using the NL-
GFO scheme. (a) 0 ns; (b) 1 ns; (c) 2 ns; (d) 3 ns; (e) 4 ns; (f) 5 ns; (g)
6 ns; (h) 7 ns; (i) 8 ns; (j) 9 ns; (k) 10 ns; (l) 11 ns.

sideration, we choose a range-step of 10mm and an angle-step
of 1 degree. The final sample number is approximately 12,221.
Depending on the speed of rotation or movement of the mo-
tor, each sampling time is 1 second. Therefore, the total time
for a typical measurement process, for example, that shown in
Fig. 6, is approximately three hours and forty minutes. Sim-
ilarly, the simulated and measured results of the FDA system
using the NLGFO scheme are shown in Figs. 7 and 8. Although
the E-field distribution of the NLGFO scheme is more chaotic
than the LGFO scheme, themeasured and simulated results also
show good agreement.
Although the measured results are consistent with the simu-

lated ones, there remain several differences. (1) Compared to

the simulated results, narrower beams are shown in the mea-
sured results. This may be because real antennas can hardly
achieve the same directivity as simulated antennas. Addition-
ally, the amplitude fluctuation of different frequency signals is
not considered in the simulation. (2) The measured values of
theE-field are slightly smaller than the simulated results, which
may result from the inevitable attenuation due to transmission
loss and port reflection. In other words, the measured results
show a more practical E-field distribution of the FDA system,
which cannot be realized by means of theoretical and simula-
tion studies.
In addition to the measurement of the E-field, we also ob-

tain the measured beam pattern based on formula (4). Notably,
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the data we sampled at every position are the real values of the
E-field, but the complex values of the measured signals can
be multiplied using the Hilbert transform, which can be further
used to obtain the beam pattern. Using the commercial soft-
ware MATLAB, the beam pattern of the FDA using the LGFO
scheme can be calculated, as shown in Fig. 9, and the measured
results are shown in Fig. 10. Clearly, the measured results are
in good agreement with the calculated ones, which proves that
the proposed method is also capable of measuring time-varying
beam patterns. Beam pattern measurement of the FDA system
using the NLGFO scheme is also carried out. The calculated
and measured results are shown in Figs. 11 and 12, which also
show good consistency.
Note that the above experimental observations are only rep-

resented by a few examples, and the method has certain univer-
sality in the aspects of signal waveform, number of elements,
etc. For example, as long as the spatial EM field distribution
has periodic time-varying characteristics and the reference sig-
nal is selected appropriately, the proposed method can be ap-
plied to any kinds of waveform such as continuous wave and
pulse wave. Similarly, the method can be applied to arrays of
any size in principle, and the above experiments only take the
eight-channel transmitter as examples.
Although the measured beam patterns are in good agreement

with the simulated results, there are still some differences, and
the possible causes of the error are summarized as follows. (i)
In practice, there is inherent coupling between adjacent trans-
mitting antennas, which is not accounted for in the theoreti-
cal model, and there are unavoidable errors in the frequency
accuracy and initial phases of the actual transmitted signals.
As widely acknowledged, the inevitable phase noise of the RF
source will lead to the error of the frequency and the initial
phase, and this error is random. Therefore, given this random-
ness, the above errors are difficult to fully evaluate in simu-
lations. (ii) Due to the pattern characteristics of the antennas,
there are errors in the actual measurement of different angles,
especially in the case of large angles. (iii) The impact of envi-
ronmental and instrument noise is also unavoidable. (iv) Lim-
ited by the sampling rate of the oscilloscope, there is a quantiza-
tion error when the measured signals are sampled. In this mea-
surement, the Agilent Infiniium DSO91304A oscilloscope is
used to collect the received signals with a bandwidth of 13GHz
and a maximum sampling rate of 40GSa/s. The introduction
of advanced digital signal processing technology is expected
to improve the measurement method and further improve the
measurement accuracy.

6. CONCLUSION
In this paper, an improved measurement system to observe the
beam pattern of an FDA by introducing an extra time reference
signal and a stepper motor in the radial direction is proposed.
We discuss some important properties of the FDA beam pat-
tern. An improved far-field time-domain measurement system
and a detailed measurement method are introduced. To verify
the validity of the proposedmethod, we carry outmeasurements
of the E-field distribution and beam pattern of an FDA system
using the LGFO and NLGFO schemes, and the measurement

results are compared with the simulated/calculated ones, which
show good consistency. In addition, we further analyze the
causes of the differences between the measured and simulated
results, such as the amplitude fluctuation in the angle domain
and frequency domain and the coupling effect between differ-
ent channels. By means of the proposed method, some field
distribution characteristics, which are different from those for
the theoretical model, are observed. The measured results show
more realistic characteristics of FDA systems, which will help
improve the design and performance of FDA systems. The pro-
posedmethod not only helps us study FDA systems from amore
realistic perspective but also has significance for other space-
time coding systems.
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