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A TMA-FDA Approach for Two-Beam Steering
Roberto Maneiro-Catoira, Member, IEEE, Julio Brégains, Senior Member, IEEE,

José A. Garcı́a-Naya, Senior Member, IEEE, and Luis Castedo, Senior Member, IEEE

Abstract—Frequency diverse arrays (FDAs) allow the synthesis
of dot-shaped radiated patterns in the range-angle space by
applying frequency offsets to the antenna elements. Conventional
FDAs are usually implemented with costly variable phase shifters
and mixers, and require an independent feeding network per
beam for multi-beam operation. In this letter, we propose an
innovative approach to FDA that makes use of time-modulated
array (TMA) building blocks modeled with inexpensive single-
pole dual-throw (SPDT) switches. Our approach is able to
simultaneously and independently steer two dot-shaped beam
patterns, over the two most significant TMA harmonics, with an
almost 90% time modulation efficiency.

Index Terms—Frequency Diverse Arrays, Time-modulated ar-
rays.

I. INTRODUCTION

FREQUENCY Diverse Arrays (FDAs) are attractive due to
their ability to synthesize dot-shaped radiated patterns in

range-angle space [1]–[3]. FDAs have promising applications
in interference mitigation [4] or secure communications [5]. In
general, they are implemented with analog feeding networks
having variable phase shifters (VPSs) and mixers [6]–[8],
devices with high cost and insertion losses, both increasing
with the carrier frequency. VPSs also suffer from limited
phase resolution [9], [10]. These drawbacks are even greater
if a simultaneous multi-target is addressed. As a matter of
fact, attempts not to replicate the FDA multi-target feeding
networks result in less flexible beam steering approaches
whose design is either restricted to targets within the same
range r [11] or is set to utilize time-multiplexed windows
to focus on each target [12]. These approaches do not allow
simultaneous multi-target beam steering.

An alternative is to replace conventional FDA feeding
networks with time-modulated array (TMA) switched archi-
tectures where periodical (with period T0) rectangular pulses
are applied to the individual excitations of an antenna array by
means of radio frequency (RF) switches. Conventional TMAs
generate radiation patterns at frequencies fc±qf0, q ∈ N (suit-
able only to angle-dependent multi-focusing applications [13],
[14]) being fc the carrier frequency, λc its wavelength, and
f0 = 1/T0 is the time-modulation fundamental frequency.
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Fig. 1. Proposed FDA-TMA architecture for dual-focusing without VPSs
or mixers, but switched feeding networks controlled by the square periodic
sequences Πkn(t−Dkn), with k ∈ {1, 2} and n ∈ {1, . . . , N}.

This letter contains two significant contributions: 1) the
generation of the FDA frequency offsets by simply varying the
frequency of the periodic square pulses that govern a TMA
feeding network, hence FDA capabilities1 are incorporated
without using VPSs and RF mixers but RF switches, which
allow an easy and accurate control of the frequency offsets
by means of the switching on-off instants; 2) the exploitation
of the multibeam single-sideband TMAs developed in [20],
which exhibits an excellent level of modulation efficiency and
beam scanning flexibility, as a building block for multi-target
FDAs. In this letter we consider the case of two independently-
steerable dot-shaped beams, but similar ideas are applicable to
TMA architectures capable of synthesizing more beams [20].
Note that TMAs and FDAs were considered in [21], but
limited to a single beam and array elements controlled by
identical bipolar squared pulses with a fixed frequency.

II. SIGNAL MODEL

Fig. 1 shows the block diagram of a uniformly excited
N -element antenna array with the proposed TMA feeding
network which we will design to work as a two-beam FDA. We
assume a pulsed input signal s(t) = rect(t/Tp)ej2πfct, with
pulse repetition interval Tr, where rect(t/Tp)=1 if |t| ≤ Tp/2
and 0 otherwise, being Tp the pulse duration (Tp � Tr).
The signals at the output of the antenna elements after time
modulation are

sn(t) = hn(t)s(t), n = 1, . . . , N (1)

where hn(t) is the n-th element time-modulated excitation
constructed as explained in Fig. 2. The starting point is
the four-level stair-step pulse pkn(t), k ∈ {1, 2} and n ∈
{1, · · · , N} shown in Fig. 2a which results from the sum of
the three bipolar square pulses akn(t), bkn(t), and ckn(t) [20].
The signals pkn(t) are periodic with fundamental period Tkn.

1Given the circumstance that the single maximum in the dot-shaped
patterns are not static in time [15]–[19], this work is limited to the study
of instantaneous dot-shaped beampatterns for a given time t0.
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Fig. 2. (a) Construction of a periodic four-level stair-step pulse pkn(t) from bipolar squared sequences. (b) Architecture with SPDT switches to synthesize
pkn(t) and the corresponding simplified block. Notice that the squared unipolar control signal Πkn(t) takes the values Πkn(t) = 1 when akn(t) ≥ 0
and Πkn(t) = 0 when akn(t) < 0. (c) Block diagram of the n-th element feeding network of the proposed TMA-FDA approach that allows for steering
independently two harmonic dot-shaped beam patterns in the range-angle space.

Time modulating with pkn(t) is efficiently implemented with
the SPDT switches connection in Fig. 2b, which is controlled
by delayed versions of a unipolar square pulse Πkn(t), also
periodic with fundamental period Tkn. The output signal of
the SPDT module in Fig. 2b is xkn(t) = kppkn(t)s(t), where
kp = 1/

√
5 is a normalizing constant resulting from matching

the powers of s(t) and xkn(t). Note that SPDT switches waste
no power since they never reach the off-state [20].

Next, two SPDT modules are connected as in Fig. 2c to
construct a single sideband (SSB) TMA module. As explained
bellow, a feeding network with such modules steers two dot-
shaped beampatterns independently in the range-angle domain,
while removing the harmful frequency-mirrored beampatterns
produced in conventional TMAs. Indeed, according to Fig. 2c,
the signal collected by the n-th antenna element is evenly
distributed between two branches by means of a 2-way split-
ter. The signal in the upper branch inputs a SPDT module
controlled by the periodic unipolar signal Π1n(t − D1n),
being D1n ∈ [0, T1n] a time delay, and is therefore time
modulated by the periodic stair-step signal p1n(t−D1n) with
fundamental frequency f1n = 1/T1n. In the lower branch,
the signal goes through another SPDT module controlled by
Π1n(t−D1n−τn), with τn being a fixed time delay such that
2πf1nτn = π/2 [14], followed by a π/2 phase shifter. This
corresponds to time modulating with the periodic stair-step
signal jp1n(t−D1n − τn).

The signals from the two branches input a 2-way combiner
whose output goes through a third SPDT module with control
signal Π2n(t−D2n), being D2n ∈ [0, T2n] another time delay,
and is therefore time modulated by the periodic stair-step
signal p2n(t−D2n) with fundamental frequency f2n = 1/T2n.
By properly selecting D1n, D2n, f1n, and f2n, the proposed
TMA-FDA feeding network steers two dot-shaped beampat-
terns towards the coordinates (r1, θ1) and (r2, θ2), respectively.

According to Fig. 2, the n-th element time-modulated
excitation is

hn(t) =

[
kpp1n(t−D1n)√

2
+ j

kpp1n(t−D1n − τn)√
2

]
·

· kpp2n(t−D2n) (2)

Knowing that p1n(t) and p2n(t) have the same Fourier series
coefficients Pm = 1

jπm

(
2− 2

√
2 · (−1)(m+3)(m+5)/8

)
, with

m ∈ Z, and that e−j2πmf1nτn = (−j)m as a consequence of
2πf1nτn = π/2, hn(t) in (2) can be represented by its Fourier
series expansion

hn(t) =
k2
p√
2

∑
q odd

(
1− (−j)q+1

)
Pqe
−j2πqf1nD1nej2πqf1nt

 ·
·

[∑
i odd

Pie
−j2πif2nD2nej2πif2nt

]
=

=
√

2k2
p

∑
q∈Ψ

Pqe
−j2πqf1nD1nej2πqf1nt

 ·
·

[∑
i odd

Pie
−j2πif2nD2nej2πif2nt

]
(3)

where Ψ = {q = 4Γ − 3;Γ ∈ Z} = {. . . ,−7,−3, 1, 5, . . . }
is the set of nonzero harmonics in the first sum in (3) [20].
We now introduce the following dynamic excitations as
q
i In = |qi In|e

j(qiΦn) =
√

2k2
pPqPie

−j2π(qf1nD1n+if2nD2n) (4)

which allows (3) to be rewritten as

hn(t) =
∑
q∈Ψ

∑
i odd

q
i Inej2π(qf1n+if2n)t (5)

Notice from (4) that the moduli of the dynamic excitations
|qi In| are constant for all n, whereas their phases are q

iΦn =



IEEE ANTENNAS AND WIRELESS PROPAGATION LETTERS 3

Fig. 3. Projection of the instantaneous spatial focusing beampatterns |F 1
1 (r, θ)|2 and |F 1

−1(r, θ)|2 on the range-angle dimension for N=29 and two
different target locations. Additionally, the r1, r2, θ1, and θ2 plane cuts are shown. The TMA-FDA parameters are α=2.0, f0=100 MHz, Σf=36.75 kHz,
and ∆f=35 kHz. Subfigures (a), (b), and (c) in the first row consider (r1, θ1)=(10 km,−20◦) and (r2, θ2)=(35 km,−35◦), and the features of the
resulting dot-shaped beam patterns are HPBWr1=2.0 km, HPBWθ1=3.4◦, HPBWr2=1.9 km, and HPBWθ2=4.2◦. The SLL in the corresponding plane
cuts is SLLr1=SLLr2=0.12, SLLθ1=SLLθ2=0.13, whereas SLLΩ=0.26 in the whole range-angle sector Ω = {r ∈ (0 km, 50 km); θ ∈ (−90◦, 90◦)}.
Subfigures (d), (e), and (f) in the second row consider (r1, θ1) = (25 km, 10◦) and (r2, θ2) = (28 km, 20◦), and lead to dot-shaped beam patterns with
HPBWr1=2.0 km, HPBWθ1=3.2◦, (r2, θ2)=(28 km, 20◦), HPBWθ2=3.4◦, SLLr1=SLLr2=0.14, SLLθ1=SLLθ2=0.15, and SLLΩ=0.26.

qf1nD1n + if2nD2n. Therefore, the radiated power pattern of
any harmonic corresponds to that of a uniform linear array
and such patterns can be steered by adapting the phase terms
q
iΦn by means of the parameters D1n, D2n, f1n, and f2n.
Notice also that the most significant harmonics are the ones
corresponding to (q, i) = (1, 1) and (q, i) = (1,−1), since,
according to (4), the following inequality holds: 20 log

∣∣∣ 1
1In
q
i In

∣∣∣ =

20 log
∣∣∣ 1
−1In
q
i In

∣∣∣ ≥ 16.9 dB, ∀(|q|, |i|) 6= (1, 1). According to
(1) and (5), the signal radiated at an arbitrary probe point
of coordinates (r, θ) in space is

S(t, r, θ)=
N∑
n=1

1

rn
sn

(
t− rn

c

)
=

=
N∑
n=1

rect( t
Tp

)

rn

∑
q∈Ψ

∑
i odd

q
i Inej2π(qf1n+if2n)(t− rnc )ej2πfc(t− rnc )

=
∑
q∈Ψ

∑
i odd

N∑
n=1

rect( t
Tp

)

rn
|qi In|e

j2π(fc+qf1n+if2n)(t− rnc )ej(qiΦn)

(6)

where c is the speed of light and rn ≈ r − (n − 1)d sin θ is
the distance between the n-th element and the probe point.

We next decompose f1n and f2n as follows

f1n = f0 +
Σfn

2
+

∆fn
2

, f2n = f0 +
Σfn

2
− ∆fn

2
(7)

where f0 is the fundamental TMA frequency, and Σfn and
∆fn are two frequency offsets such that Σfn > ∆fn > 0. If
we also assume that 1/rn ≈ 1/r, we arrive at

S(t, r, θ) = rect (t/Tp)/r·

·
∑
q∈Ψ

∑
i odd

ej2π(fc+(q+i)f0)(t− rc )
N∑
n=1

|qi In|e
j(qiΦn)·

· ej2π
[
( (q+i)Σfn

2 +
(q−i)∆fn

2 )(t− rc )+
(n−1)(fc+(q+i)f0)d sin θ

c

]
·

· ej2π[ (n−1)((q+i)Σfn+(q−i)∆fn)d sin θ
2c ] (8)

which can be rewritten as

S(t, r, θ)=
rect( t

Tp
)

r

∑
q∈Ψ

∑
i odd

ej2π(fc+(q+i)f0)(t− rc )F qi (t, r, θ)

(9)
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with

F qi (t, r, θ) =
N∑
n=1

|qi In|e
j(qiΦn)·

· ej2π
[
( (q+i)Σfn

2 +
(q−i)∆fn

2 )(t− rc )+
(n−1)(fc+(q+i)f0)d sin θ

c

]
· (10)

· ej2π[ (n−1)((q+i)Σfn+(q−i)∆fn)d sin θ
2c ]

being the array factor corresponding to the harmonic (q, i).

III. TMA-FDA TWO-BEAM STEERING

Limiting the sum in (9) to the two most significant harmon-
ics (q, i) = (1, 1) and (q, i) = (1,−1), the signal radiated at
the probe point (r, θ) given by (9) can be approximated as

S(t, r, θ) ≈
rect( t

Tp
)

r
ej2π(fc+2f0)(t− rc )F 1

1 (t, r, θ)+

+
rect( t

Tp
)

r
ej2πfc(t− rc )F 1

−1(t, r, θ) (11)

Assuming |Σfn + ∆fn| < f0 � fc, the terms (n− 1)(Σfn +
∆fn)d sin θ/c and (n−1)(Σfn−∆fn)d sin θ/c in F 1

1 (t, r, θ)
and F 1

−1(t, r, θ) (see (10)), respectively, can be neglected [6],
[11], thus leading to

F 1
1 (t, r, θ)≈

N∑
n=1

|11In|ej(1
1Φn)e

j2π
[
Σfn(t− rc )+

(n−1)(fc+2f0)d sin θ
c

]

F 1
−1(t, r, θ)≈

N∑
n=1

|1−1In|ej(1
−1Φn)ej2π[∆fn(t− rc )+

(n−1)fc+d sin θ
c ]

(12)

We next consider Σfn = Σf ·Υn and ∆fn = ∆f ·Υn, where
Σf and ∆f are the fixed frequency offsets defined above and

Υn =
1

β0(α)
β0

α
√

1−
(

2(n− (N − 1)/2)

N − 1

)2
 (13)

are the weights of a Kaiser window [22, Chapter 5] with α
a configuration parameter to adjust the tradeoff between SLL
and half power beamwidth (HPBW), and β0(·) the modified
Bessel function of the first kind and zero order. We will assume
that N is odd for the Kaiser window to be symmetric.

Finally, adjusting the phases of the dynamic excitations as

1
1Φn =

2π

c
[Σfnr1 − (n− 1)d(fc + 2f0) sin θ1]

1
−1Φn =

2π

c
[∆fnr2 − (n− 1)dfc sin θ2] (14)

leads to

F 1
1 (t, r, θ) =

=
N∑
n=1

|11In|e
j2π

[
Σfn(t− r−r1c )+

(n−1)(fc+2f0)d(sin θ−sin θ1)
c

]

F 1
−1(t, r, θ) =

=
N∑
n=1

|1−1In|e
j2π

[
∆fn(t− r−r2c )+

(n−1)fcd(sin θ−sin θ2)
c

]
(15)

and it is hence possible to steer these two dot-shaped beams
towards the target points (r1, θ1) and (r2, θ2), respectively.

From (4), the phases of the dynamic excitations of the two
most significant harmonics (q, i)=(1, 1) and (q, i)=(1,−1) are

−2π(f1nD1n + f2nD2n) = 1
1Φn

−2π(f1nD1n − f2nD2n) = 1
−1Φn, (16)

which is a system of linear equations that leads to

D1n = −
1
1Φn +

(
1
−1Φn

)
4πf1n

, D2n = −
1
1Φn −

(
1
−1Φn

)
4πf2n

. (17)

Additionally, recall the time-dependent phases in (15)
1
1Θn(t) = 2π[Σfn(t− (r − r1)/c)+

+ (n− 1)(fc + 2f0)d(sin θ − sin θ1)/c]
1
−1Θn(t) = 2π[∆fn(t− (r − r2)/c)+

+ (n− 1)nfcd(sin θ − sin θ2)/c] (18)

whose maximum variation for t ∈ (−Tp/2, Tp/2) takes place
for (Σfn)max and is given by 2π(N − 1)(Σfn)maxTp [23] and
additionally, since, 1/Tp < f0 [24], the restriction

(N − 1)(Σfn)max � 1/Tp < f0 (19)

ensures F 1
1 (r, θ) ≈ F 1

1 (t=0, r, θ) and F 1
−1(r, θ) ≈

F 1
−1(t=0, r, θ) hold. Denoting the whole area Ω = {r ∈

(rmin, rmax); θ ∈ (−90◦, 90◦)}, the time-modulation radiation
efficiency of the switched TMA-FDA when d = λ/2 is given
by [14]

ηTM =

∫∫
(r,θ)∈Ω

[
|F 1

1 (r, θ)|2 + |F 1
−1(r, θ)|2

]
sin θ dθ dr

∑
q∈Ψ

∑
i odd

∫∫
(r,θ)∈Ω

|F qi (r, θ)|2 sin θ dθ dr

=

∑N−1
n=0 |11In|2 +

∑N−1
n=0 |1−1In|2

N
=

4k4
p|P1|4N
N

=
4

25
·

(
2 + 2

√
2

π

)2

= 0.893 (20)

IV. NUMERICAL RESULTS

Fig. 3 plots the resulting two instantaneous dot-shaped beam
patterns obtained with the proposed TMA-FDA approach for
two different target positions, illustrating its spatial focusing
capabilities. We considered Tp=50 ns, Tr=rmax/c, fc=5 GHz,
f0=100 MHz, Σf=36.75 kHz, and ∆f=35 kHz (attainable
with nanoseconds switches [10], [25]), and α=2.0. The cap-
tion of Fig. 3 provides the resulting values for the SLL (below
0.15 in the corresponding r and θ plane cuts, and 0.26 in the
whole range-angle sector) as well as HPBWr and HPBWθ in
each scenario.

V. CONCLUSIONS

We have presented a TMA-FDA approach for the simul-
taneous and independent steering of two dot-shaped beam
patterns. Our approach uses SPDT switches instead of the
largely inefficient VPSs and mixers, whereas exhibiting high
modulation efficiencies.
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