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Abstract—Wideband beamforming with a real-time array
testbed will be studied in this paper. The algorithm and im-
plementation architecture on wideband beamforming will be the
main focus. The contribution of this paper can be summarized in
the following three aspects. First, the channel imbalances among
different RF chains will be taken into account. The equivalent
complex baseband impulse responses of RF chains are measured
from the AFRL TELA testbed. The second contribution is that
the novel architecture of wideband beamforming is proposed.
Look-up table (LUT) based architecture is exploited to replace
the pre-steering delay component to avoid fractional delay—one
implementation bottleneck. In addition, the general optimization
issue for wideband beamforming is formulated as semi-definite
programing (SDP), which can be efficiently solved by the convex
optimization tool, e.g. CVX.

Index Terms—wideband beamforming, look-up table, SDP,
steering vector, filter bank, fractional delay.

I. INTRODUCTION

A. Background

Wideband beamforming is a hot research topic in the radar
society, partly due to the advent of powerful real-time FPGA
processing. The array working with wide frequency band can
operate in both spatial domain and frequency domain simul-
taneously, which greatly improves the radar performance for
detection, identification, tracking and surveillance. Waveform
diversity [1] is, on the other hand, a key research issue in
wireless communication, radar, and sensing (or imaging).

Waveforms should be designed or optimized according to
different requirements or objectives of performance and should
be adapted dynamically to the operating environment in order
to achieve a performance gain [2]. For example, the waveform
should be designed to carry more information to the receiver
in terms of mutual information. If the energy detector is em-
ployed at the receiver, the waveform should be optimized such
that the energy of the signal in the integration window reaches
the maximum [3] [4] [5] [6]. For navigation and geolocation,
an ultra short waveform should be used to increase resolution.
For multi-target identification, the waveform may be designed
so that the radar returns can bring more information back. In
clutter dominant environment, maximizing the target energy
and minimizing the clutter energy should be considered. In
addition to waveform diversity at the transmitter, any type of
signal processing at the waveform level of the receiver should

also be included into the waveform diversity framework. For
example, adaptive filter or notch filter can be designed to
cancel the interference. In acoustic communication, passive
time reversal [7] [8] is used at the receiver to match the channel
and the transmitted waveform. Thus waveform diversity has
very broad meaning and significance.

Beamforming is a special case of waveform diversity.
Generally speaking, beamforming is a signal processing tech-
nique for directional signal transmission and reception in the
multi-antenna system or the array system. Beamforming has
been studied for several decades and deployed in civil and
military systems. Wideband Code Division Multiple Access
(WCDMA) supports direction of arrival (DOA) based beam-
forming and transmit antenna array (TxAA) beamforming. In
Long Term Evolution (LTE), multiple-input multiple-output
(MIMO) precoding based beamforming with Space-Division
Multiple Access (SDMA) is used. For phased array radar,
narrowband beamforming is widely used to compensate for
the phase shifts so that coherent signal combination can be
performed. The simplest way to perform narrowband beam-
forming is based on maximal-ratio combining and the Cauchy
Schwarz inequality. Channel state information (CSI) should
be known for near field beamforming, and steering vector is
needed for far field beamforming.

However, the traditional narrowband beamforming for
phased array radar is not suitable for some applications in the
tough situations. To counter increasingly complex threats un-
der dynamic radio environment, phased array radar is required
to cover multi-GHz frequency band with wide instantaneous
bandwidth, e.g. 500 MHz. Phased array radar working with
wide frequency band can operate in both spatial domain and
frequency domain simultaneously, which greatly improves the
radar performance for detection, identification, tracking and
surveillance. Wideband beamforming with a real-time array
testbed will be studied in this paper. The algorithm and
implementation architecture on wideband beamforming will
be the main focus.

B. Related Work

Wideband beamforming has been studied from different
perspectives. Time domain processing beamformer and fre-
quency domain processing beamformer are presented and
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compared in [9]. For time domain processing beamformer,
tapped delay line structure is exploited and a 2-dimensional
filter bank is designed to form the wideband beam. The filter
length depends on the bandwidth of frequency band of the
system. For frequency domain processing beamformer, fast
Fourier transform (FFT) is exploited to transform the wideband
signals from each element into the frequency domain and each
frequency bin is processed by narrowband beamforming [9].
From the perspective of computational complexity, frequency
domain processing beamformer is better than its time domain
counterpart, because the former calculates the weights of
narrowband beamforming for each frequency bin separately
and the latter calculates the coefficients of filter bank in
globally optimal fashion.

Time domain processing beamformer, on the other hand,
is easier for implementation. Besides, frequency invariant
property is an important issue specifically in wideband beam-
forming. For a given direction, the array response should be
the same over the whole frequency band. Frequency invariant
property can reduce the distortion of the incoming signal and
the integrity of signal brings us more information on the
target under investigation. The studies on frequency invariant
beamforming can be traced back to [10] [11].

Currently a least square approach is proposed in [12] to
deal with wideband beamforming. The issue of wideband
beamforming is formulated as the unconstrained convex opti-
mization and the optimal solution can be obtained by solving
the conjugate gradient equation. Meanwhile, an approach
based on least square is also exploited to design the frequency
invariant beam pattern [13]. The frequency invariant property
is explicitly expressed as spatial variation. Spatial variation
is the sum of the Euclidean distances between the responses
at the pre-set reference frequency point and those at all the
other operating frequency points over a range of angles where
frequency invariant property is considered [13]. The goal is to
minimize spatial variation plus the weighted energy of array
response at the reference frequency point over the side lobe
region. The constraint is that the main beam at the refer-
ence frequency point follows the pre-determined shape. An
eigenfilter approach to design frequency invariant beamformer
is presented in [14]. Its solution is provided by finding the
minimal generalized eigenvector of two matrices [14].

C. Contribution

Previous researches on wideband beamforming are mainly
from the theoretical point of view and there is no consideration
of real-life phased array, partly due to the high cost of the
hardware. The contribution of this paper can be summarized in
the following three aspects. First, channel imbalances among
different RF chains will be taken into account. The effect
of RF chains on the performance will be considered. The
equivalent complex baseband impulse responses of RF chains
are measured from Transformational Element Level Arrays
(TELA) Testbed at Air Force Research Lab.

The second contribution is that a novel architecture of
wideband beamforming is proposed. This architecture con-

sists of Look-up Table (LUT), high-performance computing
engine, and a two-dimensional filter bank. LUT is explored
to remove the pre-steering delay component in the traditional
wideband beamforming architecture. This component is hard
to implement and manipulate either in the analog domain or
in the digital domain. If the pre-steering delay component
is designed in the analog domain, the unfixed delay line
with the delay from sub-nanosecond to nanosecond should be
implemented. If the pre-steering delay component is designed
in the digital domain, fractional delay filter bank should be
implemented [15]. In the proposed architecture, the data sam-
pled by analog to digital converter (ADC) from the impulse
response of each RF chain with the consideration of assumed
angle of arrival will be stored in LUT. The impact of channel
imbalances and fractional delay will be taken care of in the
general optimization issue. The coefficients of the filter bank
will be calculated in the high-performance computing engine.
Thus the proposed architecture reduces the implementation
burden at the cost of computational complexity. However, the
computational capability has grown much faster over the last
few years and the price of computation is lower than the
implementation cost.

In addition, the algorithm on wideband beamforming is
formulated as SDP. SDP-based signal processing is becoming
more and more popular recently. It can be applied to control
theory, statistics, circuit design, graph theory and so on. The
reasons for this are (1) more and more practical problems can
be formulated as SDP; (2) most interior-point methods for
linear programming have been generalized to SDP [16]; (3)
nowadays the computational capability is increased greatly
and SDP can be solved in real-time. In this way, wideband
beamforming can be designed flexibly and adaptively. Multiple
spatial beams can be formed to detect or track the threats while
multiple spatial nulls can be generated to deny the interfer-
ences. Some opaque frequency bands can also be formed to
reject harmful interference frequency bands. At the same time,
frequency invariant property can be applied in any spatial-
frequency region based on the performance requirement of
phased array radar. Thus the SDP-based algorithm is a general
way to design any type of wideband beam pattern and suitable
for the radar task.

D. Organization

The rest of the paper is organized as follows. In sec-
tion II the system is described and the issue on wideband
beamforming is presented. Section III will shown the SDP-
based algorithm on wideband beamforming. Performance of
the proposed architecture and algorithm will be provided in
section IV, followed by some remarks given in section V.

II. SYSTEM DESCRIPTION

A. Calibration

The architecture of wideband beamforming is shown in Fig.
1. There are M antennas in the linear array. The distance
between antennas is d. The mutual coupling among antennas
is not considered in this paper. The system works with the
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Fig. 1. Wideband beamforming architecture.

central frequency of fc and the bandwidth of B. The equivalent
baseband complex response of RF chain related to each
antenna is given by hm (t) , t ∈ [0, T ] ,m = 0, 1, . . . ,M − 1.
Because of the limitation of ADC, it is hard for us to obtain
continuous time hm (t). If the sampling rate of ADC is 1/Ts
and 1/Ts ≥ 2B, the discrete time counterpart of hm (t) is
hm [k] which is measured for each RF chain,

hm [k] = hm (kTs) (1)

In the calibration phase, LUT should be set up. First the
interpolation is performed on hm [k] to get high sampling rate
data to emulate hm (t). Assume δ (t) is the signal in the far
field of the system and impinges on it from the angle θ. The
equivalent baseband complex response of each RF chain after
ADC is defined as hm,θ [k].

If the signal from far field reaches the first antenna at time
T0 = (M−1)d

c , then hm (t) will be extended to,

hm,θ (t) = 0, t ∈
[
0, T0 +

md cos θ
c

)
(2)

hm,θ (t) = am,θhm (t) , t ∈
[
T0 +

md cos θ
c

, T + T0 +
md cos θ

c

]
(3)

hm,θ (t) = 0, t ∈
[
T + T0 +

md cos θ
c

, T + 2T0

)
(4)

where c is the speed of light and am,θ is the response of
antenna m to the angle θ. Without loss of generality, am,θ is
assumed to be 1 in this paper. Thus,

hm,θ [k] = hm,θ (kTs) exp{−
√
−12πfc

md cos θ
c

} (5)

Finally, hm,θ [k] are saved in LUT for the following wide-
band beamforming.

B. Wideband Beamforming

If angles of arrival of interest are in the set Ωθ =
{θ1, θ2, . . . , θL+1}, the output of LUT will be hm,θ [k] , θ ∈
Ωθ. The vector representation of hm,θ [k] is hm,θ. F is
the discrete Fourier transform operator. Thus, the baseband
response of each RF chain after ADC in the frequency
domain is hfm,θ = Fhm,θ. If the frequency points of interest
Ωf = {f1, f2, . . . , fJ+1} correspond to the entries from index
to index + J in hfm,θ, where index can be any reasonable
integer value such that fJ+1 − f1 ≈ B, let,(

h̃fm,θ
)

1:J+1,1
=
(
hfm,θ

)
index:index+J,1

(6)

where (•)a:b,c:d means the entries in the matrix from the a-
th row to the b-th row and from the c-th column to the d-th
column.

After a 2-dimensional filter bank, the array response is
defined as B (fj , θl), which can be expressed as,

B (fj , θl) =
M−1∑
m=0

N−1∑
n=0

wm,n

(
h̃fm,θl

)
j,1

exp{−
√
−1n2πfjTs}

(7)
where wm,n is the coefficient at the (n + 1)-th tap of the
(m+ 1)-th filter.

The array response can be reformulated as the vector
representation,

B (fj , θl) = s (fj , θl) w (8)

where w is the coefficient vector defined as,

w =
[
wH

0 wH
1 · · · wH

M−1

]H
(9)

and
wm = [wm,0 wm,1 · · · wm,N−1]H (10)

where (•)H denotes transpose conjugate operation.
s (fj , θl) is the M × N steering vector. Define 1 ≤ i ≤

M ×N ,

m =
⌊
i− 1
N

⌋
(11)

and
n = i−m×N − 1 (12)

Each entry in s (fj , θl) is

(s (fj , θl))1,i =
(
h̃fm,θl

)
j,1

exp{−
√
−1n2πfjTs} (13)

The core task of wideband beamforming is to design coef-
ficients w of a 2-dimentional filter bank such that the array
response B (fj , θl) aims at (1) desired main lobe shape with
consideration of magnitude and phase; (2) overall constrained
side lobes; (3) nulling at given angles and frequency points;
(4) frequency invariant property for the given angle rang and
frequency range.
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III. SDP-BASED WIDEBAND BEAMFORMING

The aforementioned approaches in section I are only suit-
able for the simple shapes of wideband beam patterns with the
small number of optimization objectives and constraints. If the
shape of wideband beam pattern is complex or the size of op-
timization issue for wideband beamforming is large, we need
to resort to advanced signal processing scheme to perform the
general tasks of wideband beamforming mentioned in Section
II. SDP-based approach can be competent for these general
tasks. SDP is widely used in narrowband beamforming not
noly for the radar system [17] [18] but also for the communica-
tion system [19] [20]. Several papers [21] [22] formulates the
design of 2-dimensional filter bank for wideband beamforming
as SDP or second order cone programming (SOCP), which
can be efficiently solved by SeDuMi [23] or CVX (Matlab
Software for Disciplined Convex Programming) [24] [25].

Based on the proposed architecture, we will present the
general formulation of optimization issue for wideband beam-
forming with the consideration of 4 mentioned tasks. If the
look direction is at the angle θl0 , the desired main beam
pattern at this angle is P (fj , θl0), the optimization objective
is to minimize the Euclidean distance between P (fj , θl0) and
B (fj , θl0),

minimize
∑
fj∈Ωf

|P (fj , θl0)−B (fj , θl0)|2 (14)

For each frequency point, we would like to constrain the
total energy of array response except the energy for the look
direction, ∑

θl∈Ωθ−θl0
|B (fj , θl)|2 ≤ ε (fj)

fj ∈ Ωf
(15)

where ε (fj) is the energy threshold for each frequency point.
If there are nullings at frequency points in the set Ωfnulling

and angles in the set Ωθnulling , then,

|B (fj , θl)|2 ≤ εnulling (fj , θl)
fj ∈ Ωfnulling

θl ∈ Ωθnulling

(16)

where εnulling (fj , θl) is the nulling threshold for the frequency
fj and the angle θl.

Assume the frequency invariant property is imposed on the
frequency range ΩfFIB and the angle range ΩθFIB . Similar to
the concept of spatial variation [13], fre ∈ ΩfFIB is chosen as
the reference frequency point and the spatial variation should
be bounded,∑
fj∈ΩfFIB−fre

∑
θl∈ΩθFIB

|B (fj , θl)−B (fre, θl)|2 ≤ εsv (17)

where εsv is the threshold for spatial variation to keep the
frequency invariant property.

The general optimization issue for wideband beamforming
by combining (14) (15) (16) (17) can be presented as,

minimize
∑

fj∈Ωf

|P (fj , θl0)−B (fj , θl0)|2

subject to∑
θl∈Ωθ−θl0

|B (fj , θl)|2 ≤ ε (fj)

fj ∈ Ωf
|B (fj , θl)|2 ≤ εnulling (fj , θl)
fj ∈ Ωfnulling

θl ∈ Ωθnulling∑
fj∈ΩfFIB−fre

∑
θl∈ΩθFIB

|B (fj , θl)−B (fre, θl)|2 ≤ εsv

(18)
The optimization problem can be efficiently solved by

CVX [25]. Because CVX can only give the real value so-
lution, in order to use CVX, B (fj , θl) in Eqn. (7) should be
reformulated as,

B (fj , θl) =
[
s (fj , θl)

√
−1s (fj , θl)

] [ re (w)
im (w)

]
(19)

where re (•) gets the real part of complex value and im (•)
gets the image part of complex value. Thus CVX will return
the optimization solution,[

re (w∗)
im (w∗)

]
(20)

if such a solution exists. Then the optimal coefficients for the
2-dimensional filter bank is

w∗ = re (w∗) +
√
−1im (w∗) (21)

IV. PERFORMANCE

The performance of the proposed architecture and the cor-
responding algorithm will be verified by the data from TELA
Testbed. M is equal to 16. d is equal to 0.01143m. fc is
equal to 14250MHz. B is equal to 500MHz. Ts is equal to
0.75ns, which means the sample rate of ADC is 1.33GHz.
The equivalent baseband complex response of RF chain hm [k]
is measured.

Fig. 2 shows the designed wideband beam pattern. The
simulation settings for Fig. 2 are listed as follows. N is equal
to 60. L is equal to 60, which means the angle resolution is
3◦. J is equal to 20, which means the frequency resolution
is 25MHz. θl0 is equal to 90◦. The desired main beam
pattern P (fj , θl) = 1. ε (fj) is equal to 1.44. Ωfnulling =
{f11, f12, . . . f15}, Ωθnulling = {150◦} and εnulling (fj , θl) are
all set to be 10−8. ΩfFIB = Ωf , fre = fJ+1, ΩθFIB =
{75◦, 78◦, 81◦, 84◦, 87◦, 93◦, 96◦, 99◦, 102◦, 105◦} and εsv is
set to be 0.04.

If the real phased array is not taken into account, the array
response in Eqn. (7) can be formulated as Eqn. (2) in [13].
We can use 45 taps for each filter to form the beam pattern as
shown in Fig. 2. Thus more taps instead of pre-steering delay
component are needed to take care of the channel imbalances
among different RF chains. The implementation is easy at the
price of computational complexity. However high performance
computing engine can take this cost.

U.S. Government work not protected by U.S. copyright 4



0

50

100

150

200

0.7
0.8

0.9
1

1.1
1.2

1.3

−120

−100

−80

−60

−40

−20

0

 

Angle
Frequency (GHz)

 

B
e
a
m

p
a
tt
e
rn

 (
d
B

)

−100

−90

−80

−70

−60

−50

−40

−30

−20

−10

Fig. 2. Designed wideband beam pattern.

V. CONCLUSION

This paper presents the novel architecture of wideband
beamforming and the corresponding general formulation of
wideband beamforming. The design of a two-dimensional filter
bank is recast as a SDP, which can be efficiently solved
by MATLAB software package, e.g. CVX. The architecture
and algorithm are verified by the real data from the TELA
testbed. The performance shows the designed wideband beam
pattern can aims at four tasks mentioned in Section II. Thus
the proposed architecture can be implemented in the real-
time array system for the purpose of radar task. Future
work: the bigger picture is to design a real-time, multiple-
input, multiple-output (MIMO) radar system with waveform
diversity. Hardware work is on-going at TTU towards this
direction.
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