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Abstract—This paper presents a design of a time modulated
antenna array (TMAA) with substantially wider bandwidth
and higher efficiency than have been already presented in the
literature. The TMAA is designed for 5.4–5.8 GHz frequency
band. More than 50 MHz of channel bandwidth is achieved by
utilization of ultra fast microwave switches, digital delay lines
with 60 ps step, and fast control circuitry. The efficiency is
improved by alternate switching between array elements instead
of switching between the array element and a matched load.
Moreover, a mathematical derivation of optimal switching se-
quence is given. The beam-steering at the first sideband frequency
was obtained with a 1 degree step in a range from –50 to 50
degrees. The TMAA has been evaluated by means of the radiation
pattern measurements at different sideband frequencies.

Index Terms—Adaptive arrays, antennas, antenna arrays,
beam–steering, radio frequency (RF) switch, time modulated
antenna array, wireless communication.

I. INTRODUCTION

VARIOUS beamforming architectures and algorithms
have been invented and implemented to improve per-

formance of wireless communication and radar systems [1].
Typically, beamforming is achieved by a set of antenna weights
(amplitude and/or phase) applied to individual elements [2] in
digital domain, analog domain, or both (a hybrid approach).
Implementation of digital beamforming is challenging due
to constraints of cost, power consumption and signal pro-
cessing complexity. On the other hand, applicability of the
phased antenna array (PAA) is limited by the unsatisfactory
performance of phase shifters. Therefore, unconventional array
architectures and design methodologies have gained a lot of
attention over the last two decades [3]. One of the most
prospective architectures for a low cost beamforming is based
on time-domain processing [4]. The time modulated antenna
array (TMAA) is an electromagnetic system whose radiation
pattern is controlled by the application of periodical pulses to
the individual elements [5]. The TMAA concept is considered
as a promising alternative to the PAA because expensive and
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TABLE I
OVERVIEW OF TMAA PROTOTYPES

f0 fc Switch type Reference
10 kHz 2.45 GHz SP4T FET [15]
10 kHz 5 GHz RPDC p-i-n diode [16]
10 kHz 9.375 GHz SPST p-i-n diode [17]
10 kHz 36 GHz surface p-i-n diode [18]
20 kHz 2.4 GHz SPDT p-i-n diode [19]
25 kHz 2.45 GHz Schottky diode [20]

100 kHz 1.56 GHz SPST FET [21]
100 kHz 2.5 GHz SP3T [22]
100 kHz 2.45 GHz Schottky diode [23]
100 kHz 2.6 GHz SPST FET [24]
100 kHz 3.25 GHz SPST FET [25]
125 kHz 9.5 GHz p-i-n diodes [26]

1 MHz 2.45/5.8 GHz SPST p-i-n diode [27]
1 MHz 2.6 GHz SPDT FET [28]
1 MHz 2.525 GHz SPDT CMOS [29]
1 MHz 2.525 GHz SP6T [30]

1.25 MHz 2.6 GHz SPST FET [31]
2.5 MHz 5.8 GHz SP4T p-i-n diode [32]

5 MHz 2.6 GHz SPDT FET [33]
6.49 MHz 5.8 GHz SPDT p-i-n diode [34]

50 MHz 5.6 GHz SPDT this work

troublesome phase shifters can be avoided [6]. Output signal
of the TMAA is composed of many spectral components
(sidebands) at multiples of the modulation frequency around
the carrier frequency. This phenomenon used to be considered
as a disadvantage. Hence, many techniques for suppression
of unwanted sidebands have been proposed [7], [8], [9].
Alternativelly, sidebands can be used to extend capabilities
of the TMAA by means of beam-steering [4], [10], [11] and
spatial diversity [12], [13].

Many practical TMAAs employing different switching tech-
nologies have been designed and evaluated. Performance of
curent state–of–the–art TMAAs can be evaluated with the
overview of known prototypes presented in Table I. First figure
of merit is the bandwidth which usually does not exceed
5 MHz which is below requirements of modern wideband sys-
tems. Second crucial parameter is the efficiency. As a matter
of fact TMAAs have lower gain than conventional amplitude
tapered arrays when the same patterns are synthesized [14],
although exact values of the gain or efficiency are usually not
reported. Therefore, the main goal of this work was to design
and evaluate the TMAA with substantially wider bandwidth
and higher efficiency than have been already presented in the
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literature. The TMAA presented in this paper provides 7 dBi of
realized gain and an outstanding bandwidth of 50 MHz which
is sufficient to support transmission of wideband signals in
most of current wireless systems.

II. SYSTEM FUNDAMENTAL

The TMAA is composed of time modulated elements
(TMEs) distributed with uniform spacing and forming a linear
array. TMEs are numbered with n = 0 . . . N − 1. Fig. 1
shows a diagram of the TME cosisting of two oppositely
arranged antennas (such element been already proposed in
[28]). If a microwave signal sn(t) is indicent upon the TME
perpendicularly, then sn(t) is received by the upper antenna
and −sn(t) is received by the lower antenna (180◦ phase
difference is due to opposite arrangement of antennas). Next,
two signals are delivered to an SPDT microwave switch, which
operates alternatively in such a way, that the upper antenna
is active for duration τn and the lower antenna is active for
duration T0 − τn (the switching is periodical with period T0).
Hence, the output signal yn(t) is a combination of two signals
and has a waveform of a binary phase-keyed signal (similar
effect can be achieved by switching between two lines having
λ/2 difference in length [34] or by using two-state phase-
shifters [35]). Operation of the TME can be expressed as:

yn(t) = sn(t)mn(t) (1)

where: yn(t) is a signal after time modulation, sn(t) is a single
frequency carrier signal, and mn(t) is a modulating function.
Modulating functions are often assumed to be rectangular or
trapezoidal due to practical reasons [36]. In our case, to repre-
sent operation of the SPDT switch and opposite arrangement
of antennas, mn(t) has a bipolar rectangular waveform with a
high value of 1 and a low value of −1 as illustrated in Fig. 3.

The modulating functions can be expressed as a combina-
tion of complex Fourier series coefficients M (k)

n [11]:

mn(t) =
∞∑

k=−∞

M (k)
n ej2πf0kt f0 =

1

T0
(2)

M (k)
n =

1

T0

T0/2∫
−T0/2

mn(t)e−j2πf0ktdt (3)

where: k – number of the frequency component. Fig. 2
presents Fourier coefficients M (k)

n for a special case of mn(t)
with τn = T0/2. There are two advantages when τn = T0/2.
First, it maximizes amplitudes of the first negative (k = −1)
and the first positive (k = 1) sideband components. Second, it
doubles spacing between sideband components. Both advan-
tages will be explained in following subsections.

Spectrum of the time modulated signal at the output of each
TME can be obtained from:

Yn = Sn ∗Mn (4)

where: (∗) denotes the convolution operator and Sn,Mn are
sets of Fourier series coefficients of the incident signal and
the modulating function, respectively.

sn(t)

−sn(t)

yn(t)

mn(t)

Fig. 1. Diagram of TME
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Fig. 2. Spectrum of bipolar modulating function mn(t) with τn = T0/2
and ∆tn = 0

A. Single–Sideband Efficieny

Time modulation spreads the power of incident signal to
sideband components. Hence, if only one sideband component
is used, then the efficiency drops. Shape of the modulating
function determines the amplitude and the phase of spec-
tral components. Therefore, appropriate modulating functions
should be applied to the array in order to maximize the
amplitude of selected sideband component. Fourier series
coefficients (3) of bipolar modulating functions, after simple
mathematical operations, can be expressed as:

M (k)
n =

2τn
T0

sinc

(
k
τn
T0

)
− sinc(k) (5)

where sinc is a normalized sinc function. The highest ampli-
tude for the first negative sideband component (k = −1) can
be found after taking the derivative of (5) in respect to τn:

∂M
(−1)
n

∂τn
=

2

T0
cos

(
πτn
T0

)
= 0⇒ τn =

T0

2
(6)

Thus, the highest single–sideband efficiency η(k)
mod is obtained

for equal switching between two antennas of the TME. The
single–sideband efficiency can be calculated as the power of
the selected sideband component to the total power of the
signal, i.e. if k = −1 then:

η
(−1)
mod =

∣∣∣Y (−1)
n

∣∣∣2
∞∑

k=−∞

∣∣∣Y (k)
n

∣∣∣2 =

∣∣∣M (−1)
n

∣∣∣2
∞∑

k=−∞

∣∣∣M (k)
n

∣∣∣2 = 41% (7)

Single–sideband efficiency of proposed TMAA is four times
higher than efficiency obtained with absorptive SPST switches
with 50% duty cycle. Comparison of single-sideband efficien-
cies for different methods of time modulation is presented in
Table II.
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TABLE II
SINGLE–SIDEBAND EFFICIENCIES

η
(0)
mod η

(−1)
mod η

(−2)
mod η

(−3)
mod

Without time modulation 100% 0% 0% 0%
SPST with 50% duty cycle 25% 10% 0% 1%
SPDT bipolar (this work) 0% 41% 0% 5%

B. Radiation Efficiency

The radiation efficiency (ηrad) is defined as the ratio of
the total power radiated by an antenna to the net power
accepted by the antenna from the connected transmitter [37].
Typically, for a conventional antenna (without time modu-
lation) the radiation efficiency is used to take into account
losses at the input terminals and within the structure of the
antenna. This includes conduction and dielectric losses (ηcd)
and losses due to reflections because of the mismatch between
the transmission line and the antenna ηr = 1 − |Γ|2, where
Γ is the voltage reflection coefficient at the input terminals of
the antenna [2]. In case of the TMAA three additional factors
should be considered:
• the reflection losses caused by the impedance mismatch

between transmission lines and ports of the RF switch,
• the efficiency of RF switches which can be defined as
ηsw = 1/Lsw, where (Lsw is the insertion loss given in
linear scale),

• the efficiency drop caused by absorptive switches when
turned off (ηOFF).

After consideration of all aforementioned factors the radia-
tion efficiency of the TMAA can be written as:

ηrad = ηrηcdηswηOFF (8)

Efficiency calculations for the designed antenna are presented
in section IV-C.

C. Maximum Signal Bandwidth

Typically, modulation frequency should be greater than the
bandwidth of a linearly-modulated digital signal to avoid
overlapping of spectral replicas [38]. However, the TMAA pro-
posed in this paper can be used to transmit signals exceeding
this limitation. This is possible because the center frequency
component and the evenly numbered sideband components are
not present.

The center frequency component (k = 0) is not present
because the 180◦ phase shift due to opposite arrangement of
patches is not compensated with a phase shift due to the time
modulation. This phenomenon occurs only if an incident wave
is perpendicular to the TME. Otherwise, the center frequency
component will not be completely canceled, but suppressed
dependently on the incident angle.

Spectral components of even orders are not present, because
the sinc function has nulls in these points:

M (k)
n = sinc

(
k

2

)
− sinc(k) = 0 if k = 0,±2,±4, . . .

(9)
Therefore, only odd sideband components (k = ±1,±3,

±5, . . .) exist, which doubles the bandwidth.

T
M

E
nu

m
be

r,
n

mn(t)

t

yn(t)

T0 2T0 3T00

0

1

2

3

Fig. 3. Modulated signals and progressively delayed modulating functions

D. Beam-steering

Let us now consider a TMAA composed of N = 4 linearly
and uniformly distributed TMEs, where modulating functions
are bipolar square waveforms with τn = T0/2, ∀n =
0 . . . N − 1 and are delayed by ∆tn in respect to the first
modulating function m0(t) (∆t0 = 0). Fig. 3 presents an
example of such modulating functions. Output f(t) from the
array is a superposition of the time modulated signals yn(t)
from all TMEs:

f(t) =
N−1∑
n=0

yn(t) =
N−1∑
n=0

sn(t)mn(t)
F−→ F =

N−1∑
n=0

Sn ∗Mn

(10)
Phase-control can be applied to the modulating functions on

the basis of a well known time-shift property of the Fourier
series which states, that the time–delay ∆tn in the time domain
causes the phase shift in the frequency domain:

mn(t) = m0(t−∆tn)⇒M (k)
n = M

(k)
0 e−j2πk∆tn/T0 (11)

Therefore, delays of modulating functions ∆tn cause the phase
shift similar to a conventional phased array. For example, if
T0 = 20 ns and ∆tn = 0.056 ns, then −1◦ phase phase-shift
on the first negative sideband component is achieved. Beam-
steering can be achieved by the phase-progression on sideband
components due to delay-progression of modulating functions
∆t = ∆tn+1 − ∆tn, i.e. delay of modulating functions
for consecutive TMEs is increased by ∆t in respect to the
preceding TME:

mn(t) = m0(t− n∆t) (12)

Hence, the first negative sideband component of the output
signal of the beam-steering TMAA can be expressed as:

F (−1) = M
(−1)
0

N−1∑
n=0

Sne
j2π∆tn/T0

= M
(−1)
0

N−1∑
n=0

Sne
j2πn∆t/T0

(13)

This is the author's version of an article that has been published in this journal. Changes were made to this version by the publisher prior to publication.
The final version of record is available at  http://dx.doi.org/10.1109/TAP.2019.2902755

Copyright (c) 2019 IEEE. Personal use is permitted. For any other purposes, permission must be obtained from the IEEE by emailing pubs-permissions@ieee.org.



TMAA FOR REAL-TIME ADAPTATION IN WIDEBAND WIRELESS SYSTEMS–PART I 4

III. PROPOSED TMAA SYSTEM

The TMAA forms a system which includes an antenna
array with switches, an antenna controller, and an adaptive
algorithm. Schematic of the system is presented in Fig. 4. The
design, principles of operation, and microwave measurements
are described in this section. Adaptive algorithm and study of
adaptation are presented in the second part of this paper [39].

A. Antenna Array with RF switches

The TME shown in Fig. 1 was implemented as a structure
composed of two oppositely oriented aperture-coupled series-
fed patches. This TMAA design has been already proposed
[28]. However, it is now improved with a second patch to
increase the gain and to narrow the main beam in the E-plane
(YZ-plane). Patch antennas are formed on a superstrate above
the ground plane and are electromagnetically coupled with
feeding network through a small apertures (slots in the ground
plane). Aperture-coupled design is particularly advantageous
when applied to TMAAs because the ground plane shields
the antenna from spurious radiation emitted by feedlines and
microwave switches. Moreover, with the two-layer design,
patches are located on a lower permittivity substrate (εr =
2.2), which provides wide impedance bandwidth and high
radiation efficiency, whereas the feeding network lays on a
higher permittivity substrate (εr = 3.66) which yields lower
radiation losses [40].

Four TMEs were used to form an antenna array with beam-
steering capability in the H-plane (XZ-plane). The antenna
was fabricated in a multilayer printed circuit board (PCB)
technology. The top layer with patch antennas is presented
in Fig. 5a and the bottom layer with switches is presented in
Fig. 5b. Fig. 5a shows also the radiation pattern of a 30◦ beam
simulated in an electromagnetic (EM) computer software.

RF switches are critical elements of the time modulation cir-
cuitry. The RF rise/fall time of the switch determines the max-
imum bandwidth of a signal which can be transmitted/received
by the TMAA without overlapping of spectral replicas. In
order to achieve wideband operation very short switching time
tsw

RF < 5 ns from 10% to 90% RF is necessary. In addition
to timing parameters also microwave parameters have to be
considered, i.e. insertion loss (Lsw), and reflection loss (|Γ|).
Comparison of high-performance switches is presented in
Table III. Switch ADRF5020 [41] was selected based on ultra
short switching time (tsw

RF = 2 ns) and very good microwave
performance at 5.6 GHz. It is worth mentioning that ultra fast
switches with tsw

RF < 0.1 ns operating in mm-wave have been
already presented in the literature [42] and hopefully will be
available commercially for further improvement of the TMAA
performance.

B. Antenna Controller

The antenna controller changes states of RF switches in
required timing. It should provide a high pulse repetition
frequency and a variable delay of control signals. The con-
troller proposed in this work is similar to the one presented in
[34], although in our case much higher modulation frequency

16 

 

Fig. 16. TMAA structure 

 

 

Fig. 17. Control circuit 

The control PCB has a pair of connectors to interface with the antenna array as presented 

in Fig. 18 and Fig. 19. 
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Fig. 4. Schematic of TMAA
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Fig. 5. Fabricated TMAA (a) top layer with patch antennas and simulated
3D pattern of 30◦ beam (b) bottom layer with feeding network and switches
(c) control board
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TABLE III
COMPARISON OF SPDT SWITCHES

Ref Lsw
(dB)

|Γ|
(dB)

tsw
RF

(ns)
B
(GHz)

Pmax
(dBm)

Technology

[43] 0.5 −20 20 DC–20 33 Si p-i-n
[44] 2.0 −10 3 DC–8 27 GaAs MESFET
[45] 1.7 −17 2 DC–20 30 GaAs pHEMT
[41] 1.2 −22 2 DC–30 27 Si
[42] 1.3 −5 0.03 42–70 1 SiGe HBT

was obtained. Its schematic and picture after fabrication are
presented in Fig. 4 and Fig. 5c, respectively. The design is
straightforward thanks to the LVTTL/CMOS driver built in
the RF switch [41]. Moreover, due to 50% duty cycle of all
modulating functions, a commercial 50 MHz MEMS clock
signal generator with high stability of ±10 ppm could be used
(the controller has been also tested with higher frequencies
of the clock signal generator, i.e.: 80 MHz, 100 MHz and
125 MHz). Delays are applied with 8-bit programmable digital
delay lines (DDLs) with a fine step of 60 ps and a maximum
value of 15.3 ns [46]. Fig. 6 and Table IV give examples
of DDL settings directing the beam for k = −1 toward
angle θ−1

max. For example, if θ−1
max = −45◦ is required, then

∆t = −0.441T0. Thus, for T0 = 50 MHz, ∆t0 = 0 ns,
∆t1 = −8.82 ns, ∆t2 = −17.64 ns, and ∆t3 = −26.46 ns.
Next, due to periodicity of modulating functions, we can
add 20 ns to both the second and the third delays, hence
∆t2 = 2.36 ns and ∆t3 = −6.46 ns. Negative delays are
not possible to apply, therefore a constant value of 8.82 ns is
added to all delays in order to obtain positive values without
loosing the relative relations: ∆t0 = 8.82 ns, ∆t1 = 0 ns,
∆t2 = 11.18 ns, and ∆t3 = 2.36 ns. Then, the values
are divided by the step of 60 ps to obtain register values:
DDL0 = 147, DDL1 = 0, DDL2 = 187, DDL3 = 40.

Each DLL is programmed independently from a personal
computer (PC) via universal serial bus (USB), which is used
also as a power supply for all active components. A microcon-
troller is used to receive data from the PC and to set delays
on four daisy-chained DDLs.

IV. CHARACTERIZATION OF DESIGNED TMAA
A. Switching

Parameters of the selected switch were measured on a test
board with a sampling oscilloscope. Measured output signal
is presented in Fig. 7. The RF rise time from 10% to 90%
of the maximum amplitude is around 1.5 ns. The duty cycle
measured between 50% of the rising edge and 50% of the
falling edge is close to a half of the modulation period T0/2 =
10 ns.

B. Bandwidth

Fig. 8 shows measured spectrum of a signal at the output of
the TMAA when illuminated from broadside direction θ = 0◦

with a continuous wave signal with fc = 5.6 GHz (without
progressive delay, i.e. ∆t = 0). Settings of the measurement
are gathered in Table V. Levels of the center frequency com-
ponent and evenly ordered components are respectively 25 dB

TABLE IV
SETTINGS OF DDLS

DDL0 DDL1 DDL2 DDL3 ∆t/T0 ∆t (ns) θ−1
max

147 0 187 40 −0.441 −8.82 −45◦

198 132 66 0 −0.198 −3.96 −20◦

0 0 0 0 0 0 0◦

0 66 132 198 0.198 3.96 20◦

40 187 0 147 0.441 8.82 45◦
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Time (ns)

0
1
2
3

n

(a) ∆t = −0.441T0
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(b) ∆t = 0.441T0
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(c) ∆t = −0.198T0
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(d) ∆t = 0.198T0

Fig. 6. Examples of switching sequences (blue and red colors represent
switching between two antennas in TME)
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Fig. 7. Output of RF switch
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Fig. 8. Measured spectrum of TMAA output signal

TABLE V
SETTINGS OF SPECTRUM ANALYZER

Parameter Setting
Center frequency 5.6 GHz
Frequency span 500 MHz
Number of points 101
Resolution bandwidth 1 MHz
Detector type Sampling detector
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and 27 dB lower than level of the first sideband component.
Therefore, if f0 = 50 MHz it is possible in some conditions
to transmit a signal with a maximum bandwidth of 100 MHz,
because degradation of the SNR due to overlaping of spectral
replicas will be negligible.

C. Efficiency and Gain

The radiation efficiency (ηr) of designed TMAA can be
calculated according to (8) after consideration of following
partial efficiencies:
• ηOFF = 1, because proposed architecture does not dissi-

pate power in off-state,
• ηr ≈ 1, thanks to negligibly low impedance mismatch

between microstrip lines, patch antennas, and switches,
• ηcd = 0.8, due to efficient design of the antenna array

(the value was computed using an EM simulator),
• ηsw = 1/1.32 = 0.76, because insertion loss of the RF

switch Lsw = 1.2 dB (1.32 in linear scale).
Hence, ηrad = 0.6. The TMAA system efficiency which
includes all RF losses and efficiency of the first negative
sideband component equals:

η
(−1)
TMAA = ηradη

(−1)
mod = 0.6 · 0.41 ≈ 0.25 (14)

In order to calculate the TMAA gain both the directiv-
ity and the efficiency should be considered. The directivity
D = 16.5 dBi was obtained from EM simulations. However,
the simulations were performed for a static excitation of
all array elements. In case of the proposed TMAA only
half of elements is active, therefore the aperture efficiency
ηa = 0.5. Eventually, calculated TMAA gain at the first
negative sideband component equals:

G
(−1)
TMAA = Dη

(−1)
TMAAηa = 7.4 dBi (15)

Calculations were confirmed by means of measurements for
k = {−1, 0,+1} and variable carrier frequency fc. Obtained
values of the TMAA gain are presented in Fig. 9.

D. Radiation Patterns and Beam-steering

Radiation patterns of antennas are typically obtained from
measurements of the transmission coefficient acquired with
the vector network analyzer (VNA). However, in case of the
TMAA the transmitting and the receiving frequencies may
differ. In consequence it is not possible to directly measure
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Fig. 9. Measured gain of TMAA
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the TMAA pattern [47], therefore a procedure based on a
microwave signal generator and a spectrum analyzer was used
[48]. A total number of 121 beams steered from −60◦ to
60◦ with 1◦ step was measured. Selected radiation patterns
measured in the H-plane at k = −1 for delays gathered in
Table IV are presented in Fig. 10. The highest TMAA gain
G

(−1)
TMAA = 7 dBi was measured for 0◦ beam. In this case

the half–power beam–width HPBW = 24◦ and the sidelobe
level SSL = 14 dB. The gain drops when increasing the
scanning angle, reaching G(−1)

TMAA = 3.5 dBi for 50◦ beam. For
wider scanning angles the sidelobe level increases. Therefore,
satisfactory scanning sector is 100◦ wide. The set of measured
beams was used to implement an adaptive antenna system
which is described in the second part of this paper [39].

Radiation patterns measured at sideband components k =
{1, 3, 5} without steering (∆t = 0) are presented in Fig. 11.
Radiation patterns have almost identical shape, however differ-
ent gains. The gain drops more than 10 dB for k = 3 and more
than 25 dB for k = 5 which corresponds with measurements
of spectrum (Fig. 8). Fig. 12 shows radiation patterns measured
at the same sideband frequencies as presented in Fig. 11,
although with ∆t = 0.1T0.

Radiation patterns measured at sidebands components of
higher orders are steered toward larger angles proportionally to
its order. Such diversity of beams can be used for multichannel
spatial transmission. Radiation patterns measured for various
frequencies of time modulation f0 ∈ {50, 80, 100, 125} MHz
are presented in Fig. 13. If the time modulation frequency
increases, then the duration of transient between two states
of the RF switch become more significant in relation to the
modulation period. The highest gain was achieved for f0 =
50 MHz. Faster control of the RF switch leads to a decrease of
the gain. On the other hand, higher f0 enables transmission of
signals with wider bandwidth. Therefore, a satisfactory trade-
off between the gain and the system bandwidth should be
found when applying the TMAA into a wireless system.

According to the spectral analysis presented in Fig. 8 the
radiation pattern at the center frequency (k = 0) has a
deep null in a broadside direction. This was confirmed by
radiation pattern measurements in the E-plane (non-scanning
plane) presented in Fig. 14. The gain at the center frequency
is less than 0 dBi for the angular sector of 10◦. Therefore,
the center component may limit the maximum bandwidth of
signals if they are arriving from diverse directions, especially
in multipath environments.

V. CONCLUSION

Improvement of the TMAA efficiency was achieved by
means of alternative switching between pair of elements
connected to an SPDT switch. In addition, proposed method
of time modulation avoided generation of evenly numbered
sideband components, which led to a wider bandwidth.

An outstanding bandwidth of 50 MHz was achieved as
a result of a very short switching time of state–of–the–art
RF switches applied in presented design of the TMAA. In
addition, a specially designed controller based on a MEMS
clock signal generator and programmable semiconductor delay

lines with a 60 ps delay step was used to perform beam-
steering with a 1◦ resolution. Good efficiency, wide bandwidth
and beam-steering capability of the TMAA prove its high
potential as an adaptive antenna for wireless communication
devices.
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