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Abstract—This paper presents a flexible FPGA digital beam-
forming architecture to steer an array for wideband radio
frequency signals. The architecture combines True Time-Delay
(TTD) units and phase-shifting to beamform at digital baseband.
The TTDs utilize low order, coefficient-symmetric Farrow struc-
tures to rapidly and flexibly adjust fractional sample delays
applied to wideband signals with minimal FPGA resources.
Bandpass sampling is employed to further reduce resource and
power consumption. The designed Farrow structure’s group
delay and magnitude characteristics are evaluated. Measured
beam patterns are demonstrated through simulation of the
proposed FPGA receive array using fixed-point arithmetic. The
multiplier utilization of the proposed system is estimated and
compared with the literature. Promising results open discussions
to hardening Farrow structure cores on FPGAs to serve multiple
signal processing techniques required in future communications
systems without consuming programmable logic fabric.

Index Terms—Wideband Beamforming, Farrow Structure,
True Time-Delay, FPGA

I. INTRODUCTION

Wideband Beamforming (WBF) is a signal processing tech-
nique that can be used to spatially filter or radiate Radio
Frequency (RF) signals, that span a large frequency range,
using an array of antenna elements. A signal is considered
wideband if its bandwidth exceeds the coherence bandwidth.
This is the range of frequencies over which the channel
exhibits approximately flat gain and linear phase [1]. WBF can
enhance Signal-to-Noise Ratio and reduce interference to/from
other spectrum users while supporting high data throughputs
exceeding several Gigabits per second, associated with modern
wideband communcations standards [2], or high-performance
radar systems [3]. The benefits of WBF have led to its
increased popularity across various applications including
wireless communications, radar, audio, sonar, radio astronomy
and medical imaging systems [2]-[6]. Beamformers steer
regions of constructive interference towards desired directions
by appropriately delaying array signals. While this process
is relatively simple and inexpensive for narrowband signals,
WBF introduces additional challenges. One such challenge is
the beam squint effect that results in a main-beam that is not
steered to the desired direction across all frequencies [6]—[8].
To address this, more sophisticated systems are required to
beamform wideband signals across the frequency band.

Digital Beamforming (DBF) is of particular interest due to
its higher accuracy and flexibility, when compared to analog

beamformers. Field Programmable Gate Arrays (FPGAs) are
well-suited to Wideband DBF (WDBF) implementations, as
their architecture supports parallel signal processing of sepa-
rate antenna elements and wide bandwidth signals. Research
into FPGA-based WDBF solutions is relatively limited, and
mostly focuses on time-delay beamformers employing digital
True Time-Delay (TTD) units. These combine integer and
fractional clock cycle delays implemented using shift registers
and all-pass Finite Impulse Response (FIR) Fractional Delay
Filters (FDFs), respectively [8].

Time-shifted sinc FIRs have commonly been used for
TTD WDBF implementations. These FDFs were used in [3],
[9]-[11] to wideband beamform on Altera devices. In [3],
WDBF was used in a phased array radar system. In [9]-[11],
array equalization was combined with Fractional Delay (FD)
filtering to reduce FPGA resources. Windowing was applied to
the same FDFs in [8], which were used for WDBF on AMD
RF System on Chip (RFSoC) devices. The authors derive
phase offsets to beamform signals centred at intermediate
frequencies following aliasing. For sufficiently large filters,
these FDFs provide reliable FD across the frequency band.
However, steering the beamformer to new directions requires
redesigning the FDFs or loading a finite set of precomputed
FD coefficients from memory.

An FDF was proposed in [12], known as the Farrow
structure. The structure is powerful because it hosts: (i) an
FD input to select and rapidly vary the phase delay of wide-
band signals; and (ii) fixed FIR sub-filters enabling various
hardware optimizations. FPGA WDBF solutions using Farrow
are rarely studied, though their use in beamforming has been
explored. Lagrange interpolation Farrow structure coefficients
were used in [13] for sonar DBF. In [14], wideband beam
steering is optimized, adjusting Farrow structure coefficients
to minimize the mean squared error between desired and
actual beamformer responses. In [15], a joint FDF/equalizer
Farrow structure was used for WDBF, reducing computational
complexity. A multi-rate Farrow structure is proposed by [16]
as a candidate for FPGA WDBF, with sub-filters optimized in
the weighted least squares sense for accurate frequency band
control. In [17] and [18], the weighted least squares Farrow
structure optimization in [19] was implemented, which halves
multiplier consumption. The former used TTDs to pre-steer
a Frost adaptive beamformer. The latter proposed the use of
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the weighted least squares FDF in time-delay WDBF. The
Farrow structure is often avoided in FPGA WDBF due to high
computational complexity. Hence, results for quantized Farrow
structure responses and their performance in WDBF are not
present in the literature.

This paper proposes and simulates a Farrow structure-based
TTD WDBEF receiver system suitable for FPGA implementa-
tion. The system employs Farrow structures to enable rapid
and flexible adjustment of FDs without reloading an entirely
new set of filter coefficients. In turn, this facilitates more
responsive and flexible beam steering than is available in other
FPGA WDBEF architectures in the literature that do not in-
corporate these FDFs [3], [8]-[11]. The system uses bandpass
sampling to more efficiently beamform signals outside the first
Nyquist zone. Very low order Farrow structures are designed,
and Multiplier (MUL) operations for the WDBF system are
estimated to be only slightly higher than those consumed
in [8], whose system frequency parameters were configured
in a similar way. FDF frequency performance is evaluated,
and measured beam pattern results demonstrate high-fidelity
beamforming. Both sets of results were evaluated using fixed-
point arithmetic, appropriate for efficient FPGA targeting.

The remainder of this paper is organized as follows: Section
II introduces time-delay WDBF concepts at digital baseband.
Section III covers digital TTDs, highlighting the benefits and
functionality of the Farrow structure for FD filtering. Section
IV discusses the benefits and techniques of bandpass sampling.
Section V describes the proposed WDBF system. Sections VI
and VII explain simulation methods and presents quantized
Farrow structure and beam pattern results. Final conclusions
are drawn in VIIL

II. WIDEBAND DIGITAL BEAMFORMING

In an M-element digital beamformer, signals sampled at
each element of an antenna array are delayed and coherently
summed to steer regions of constructive interference towards
desired directions. These regions are referred to as beams.
For a Uniform Linear Array (ULA), the time delay between
two consecutive elements required to steer a main beam in a
desired direction, 6y, is given by

__ dsinfp

T=— (1

c
where d is the uniform distance between elements and c is the
velocity of wave propagation. The time delay between the 0-th
and the m-th element is 7,,, = m7 form =0,1,..., M — 1.
DBF of narrowband signals is achieved by applying a phase
shift of

(Z)m = —WeTm, (2)
to approximate a time delay on a signal with carrier f.
at the m-th antenna, where w. = 2nf.. In narrowband

systems, bandwidth is assumed to be small enough that for
an arbitrary signal component, w, the required phase shift
WTy = WTy. However, the same assumption cannot be used
to steer wideband signals as w can take values much larger
than w., causing beam squint. This results in a main beam

whose steering angle significantly varies with frequency [6]-
[8]. Instead, time delays are applied via a phase shift, ¢,,(w),
across the whole frequency range of the signal. Ideally, to steer
a wideband signal toward 6, a frequency response of

Hyp(w) = eI bm (@)

— e iwTm

3)
is applied to the RF signal present at the m-th antenna,
where w = 27 f takes values of the angular frequency range
of the modulated signal. This is devised from the Fourier
transforms’s time-shift property [8]. In this work, the signal
of interest is mixed down to complex baseband prior to
beamforming. To delay an RF signal by 7, at digital baseband,
a baseband delay of D,,, = % samples and a corresponding
phase offset, ¢,,, defined in (2) should both be applied [7],
where T is the sampling period. The ideal discrete time delay
required at the m-th element has the frequency response,

H,,(Q) = e 9P, 4)

where Q = wTs for Q € [—m =w|. Therefore, to achieve
squint-free WDBF, equations (2) and (4) should be applied
in combination at baseband. Note that (4) has unit gain and
linear phase.

III. TRUE-TIME-DELAYS WITH FARROW STRUCTURES

This section discusses the concept and practical implemen-
tation of digital TTDs in Section III-A. The Farrow structures
used for FD filtering and the specific method adopted to design
its coefficients are introduced in Section III-B. Methods to
evaluate the Farrow structures response and output are also
provided.

A. True Time-Delays

In WDBF, a given time delay is unlikely to be an integer
multiple of T, and therefore cannot be implemented using
clock shift registers. The time delay can be implemented by
splitting the sample delay, D,,, into integer and fractional
clock cycle delays. Equation (4) can be re-written as

Ho(Q) = e @2msm+irn), )

where fi; ., and pif,, are the integer and fractional sample
delays required at the m-th antenna, respectively, defined by

1
Him = \‘Dm + 2J (6)
Hfm = Dm — Hi;m (7)

where [-| rounds down to the nearest integer and fif ., €
[-0.5 0.5], for this work. Integer delays can simply be im-
plemented using shift-registers or First-In-First-Out memory
buffer delays. Fractional delays are implemented using FDFs,
which require complex solutions to approximate a frequency
response of

Hp o (Q) = e 9sm, (8)

across the frequency band at the m-th antenna to delay the
signal by (s, samples, as this function cannot be perfectly
implemented using a finite filter.
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B. Farrow Structure

In this work, digital TTDs adopt the Farrow structure to
implement FD filtering. The structure, shown in Fig. 1, has a
variable FD input line, 7, to adjust the phase delay of some
discrete input signal, z[n]. This input enables rapid adjustment
of the required fractional sample delay. The Farrow structure
appears more hardware intensive than other FDF approaches.
However, its fixed coefficients allow for the exploitation of
coefficient symmetry and Multiple Constant Multiplier (MCM)
blocks, reducing hardware MUL operations. As the Farrow
structure has seen regular use in other areas of signal pro-
cessing such as resampling [20] and symbol synchronization
[21], future FPGA devices could integrate hardened versions
of these structures in the fabric. FPGA device manufacturers
have recently been opting to harden commonly used digital
front-end cores to save reprogrammable logic.

z[n]

Fig. 1. The Farrow structure.

The Farrow structure output is formulated by a K-th order
polynomial in py¢. Polynomial coefficients are determined
by the output of K + 1 unique FIR sub-filters, Ax(z), of
order 2J + 1. Note that K must be odd. Designing sub-
filter fixed coefficients is a challenging task and remains an
area of research. The method we use in this paper optimizes
desired frequency response characteristics in the weighted least
squares sense and reduces total MUL operations to

2J+1)(K+1
Rf arr = % + K )
using coefficient symmetry. A full description of this method
can be found in [19]. Adjustment of the Farrow structure delay

parameter 4y induces a variable frequency response of

DPIE

r=—J k=0

jQT k
e by

Hy (S 15) = (10)

where ay, are the fixed sub-filter coefficients of Ay (z). The
combined TTD integer and fractional sample delayed output,
Yia[n], can be defined by

=Y Sl

r=—J k=0

Yetaln aln—r—p)-pf. (1D

IV. BANDPASS SAMPLING

Digitally beamforming wideband signals at multi-GHz car-
riers can be challenging. High-rate Analog-to-Digital Convert-
ers (ADCs) consume significant power, and high-throughput
data processing requires substantial FPGA resources. Using
bandpass sampling, lower ADC rates can be used to alleviate
these overheads by acquiring signals outside the first Nyquist
zone. Through careful selection of the sampling rate, fs, rel-
ative to signal bandwidth and modulation frequency, aliasing
can be used to deliberately downconvert the desired signal
to digital baseband after sampling. This requires an analog
bandpass filter centred on the desired spectrum to attenuate
unwanted signals that may also alias to baseband [22]. After
digital sampling, an RF signal with centre frequency f. will
be centred at a baseband frequency of

for = fo— Lﬂ qu (12)

[s
In this work, f, is selected such that the desired real-value
sampled signal will alias to + f5/4, simplifying Digital Down
Conversion (DDC) to complex-valued baseband. To do this,
fs should be calculated as

Af.
fo = 2k +1

selecting the value of & that produces the lowest rate where f
is greater than twice the signal bandwidth [22]. The expression
in (12) is important under this framework as it can be used to
determine whether the signal has aliased to positive or negative
fs/4. Beamforming the incorrect signal at baseband causes
steering errors as neighboring spectral replications possess
negated phase characteristics [23].

, where £k =1,2,3, ..., (13)

V. PROPOSED WIDEBAND BEAMFORMING SYSTEM

In this section, a detailed explanation of the proposed
WDBF system is introduced. The high-level architecture and
frequency configuration of the system are provided in Section
V-A, with an explanation into the chosen Farrow structure
design and its implementation on FPGA programmable logic
fabric, relative to the system requirements, discussed in Sec-
tion V-B.

A. Array Architecture

In this section, we present a receive WDBF system, illus-
trated in Fig. 2, that is suitable for future implementation on an
FPGA device. Bandpass sampling is adopted to enable more
efficient DBF of wideband signals outside the first Nyquist
zone using lower sampling rates. The system combines TTDs
and phase shifting to appropriately delay RF signals at base-
band, steering the array to 6y. The TTDs are implemented
using the Farrow structure, discussed in Section III, to allow
for quicker and more flexible adjustment of the array’s steering
angle than is presented for other FPGA WDBF architectures
in the literature. Phase compensation can be realized either
using a complex multiplier or a phase shift applied to the
mixing tones used within the DDCs. To steer the beamformer,
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Fig. 2. Proposed FPGA Farrow true time-delay wideband digital beamforming system.

it is necessary to appropriately adjust the integer delay (u; m ),
fractional delay (ff.,), and phase offset (¢,,) for the m-th
element of the array. The array has M = 8 elements with
ADCs sampled at f; = 4 GHz to beamform signals with
carrier f. = 3 GHz and a bandwidth of 1.6 GHz. To sample
these signals, a bandpass filter centred at f. spanning the
signal bandwidth is necessary for each element of the array.
According to (12), the sampled signals alias the desired spectra
to fpp = —1 GHz. Using the DDC, the desired signal can be
conveniently mixed up to complex baseband, and decimated to
fs = 2 GHz. Array size and many of the frequency parameters
of this system have been configured as in [8] for ease of
comparison.

B. Farrow Design & Resource Utilization

To significantly reduce computational complexity, Farrow
structure parameters J = 4 and K = 3 were selected, resulting
in a complexity of 21 MULs per FDF, according to (9).
The weighted least squares frequency parameters discussed in
[19] were manually fine-tuned to achieve suitable frequency
responses, obtained from evaluating (10). Each DDC produces
two channels for the I and Q samples that must be processed
by separate Farrow TTDs applying the same sample delay.
Assuming an FPGA fabric clock of 250 MHz, each Farrow
structure would be implemented using 8 instantiations pro-
cessing samples in parallel, to achieve 2 GSPS throughput.
With the FDFs being the system’s primary resource overhead,
the MUL consumption of the system can be estimated at
around M -2 -8 - Ryqrr = 2688 MULSs, which for the given
system baseband rate of 2 GSPS consumes 5.376 x 102
MULSs/sec. The works of [8] consumed 4.352x 102 MULs/sec
in their implementation of an equivalent system using different
FDFs and phase shifting properties, thus the proposed system
consumes 23.53% more MULs/s. This additional computa-
tional complexity is due to the Farrow structures that were
incorporated to enable more responsive and flexible WDBFE.
All data processing carried out after the ADCs, in Fig. 2, is

computed using 16-bit fixed-point quantized arithmetic with
14 fractional bits.

VI. METHODOLOGY

To benchmark the performance of the WDBF system pro-
posed in Section V, a transmit-receive model was simulated
in MATLAB to obtain measured beam pattern results. The
transmitter generates a Linear Frequency Modulated (LFM)
pulse, with 1.6 GHz of bandwidth, at complex baseband and
digitally up-converts it to f. = 3 GHz, resulting in the
RF signal x(t). M delays are applied to x(¢) to simulate
the transmission of the plane-wave LFM signal propagating
toward the array in Fig. 2, from an angle of 6, being obtained
by each element at different times. The array element spacing
is configured as d = Amin \where Amin 18 the wavelength that
corresponds to the highest frequency component in z(t). With
the array’s baseband integer/fractional delays and phase offsets
selected to steer the receiver to 0y, the system computes a
beamformed output y[n]. Let us say that the system’s discrete
beamformed output for a signal received from 65 is ygs[n].
By sweeping the angle of reception 6, € [—90° 90°] for
Ny = 400 discrete points, a wideband measured beam pattern
can be computed as

P(05,9Q) = FFT{yps[n]},

(14)

where F'FT{-} denotes an No = 512—point Fast Fourier
Transform operation. Whilst sweeping, the selected values for
Hi,ms Mf,m and ¢p,, to steer toward 0y, remain constant.

VII. RESULTS

To evaluate the designed quantized Farrow structure’s per-
formance across different FDs, magnitude and group delay
responses for 15 equidistant values of iy € [—0.5 0.5] were
produced. FD inputs increase in steps of 1—14 samples. Re-
sponses were computed from the result of (10). Magnitude and
group delay responses are illustrated in Fig. 3 and Fig. 4, re-

spectively. The Farrow structure was designed to approximate
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the all-pass FD frequency characteristics described in (8) up
to 0.77 (70% of the Nyquist range), denoted in both response
plots by dashed vertical lines. The magnitude response closely
approximates an all-pass filter up to 0.77 for all FD values,
with a maximum error of —39.296 dB in the passband. Despite
ripple, the group delay response demonstrates delays that agree
with the desired FDs, indicated by dashed horizontal lines in
Fig. 4, in the passband. Maximum errors of each response
were calculated using the methods described in [19].
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Fig. 3. Magnitude response of quantized Farrow structure, designed in

Section V-B, approximating all-pass frequency characteristics for 15 different
fractional delay values inputs for uy €[-0.5 0.5 ].
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finitely reloading the coefficients of an FDF. Using the meth-
ods discussed in Section VI, measured beam patterns were
formed and normalized for the two steering angle scenarios, as
illustrated in Fig. 5 and Fig. 6. Simulated results show that the
proposed FPGA beamformer successfully steers high-fidelity
beams toward the selected 6y, across the signal bandwidth,
with the LFM pulse being received with the most gain from
this direction. Interestingly, the beams are steered across the
whole signal’s bandwidth, occupying 80% of Nyquist, using
Farrow structures designed only to delay across 70%. The FDF
errors present in the chosen Farrow structure design have not
noticeably affected the beam steering performance.
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Fig. 5. Measured beam pattern steered to 89 = —32°. The colour bar
represents the linear gain, |P(6s,€2)|. Signal bandwidth and ideal steering
angle are indicated by horizontal and vertical dashed lines, respectively.
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Fig. 4. Group delay response of quantized Farrow structure, designed in
Section V-B, approximating 15 different fractional delay values for py €[-
0.5 0.5 ]. Ideal FDs are denoted by dashed horizontal lines.

The simulated FPGA receive array, discussed in Section
V, was rapidly steered to 6y = —32° and 6y = 45° simply
by appropriately adjusting p; . pif,m and ¢,,. This steering
method is more responsive and flexible than redesigning or
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Fig. 6. Measured beam pattern steered to 6p = 45°. The colour bar represents
the linear gain, |P(fs,€2)|. Signal bandwidth and ideal steering angle are
indicated by horizontal and vertical dashed lines, respectively.
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The simulations carried out did not account for practical ar-
ray effects such as mutual coupling, antenna radiation patterns,
or element-level channel mismatches. Additionally, a jitter-free
clock was assumed to be synchronized across all array ADCs.
All of these factors can affect the performance of a WDBF
solution deployed in a real world setting. Future research
should investigate these factors with an FPGA implementation
of the proposed architecture.

VIII. CONCLUSIONS

In this paper, a flexible all-digital WBF system suitable for
FPGA implementation was proposed using TTDs. The digital-
TTD’s fractional delays were realized using low order Farrow
structures that enable more responsive and flexible beam-
steering than is available from other architectures in FPGA
WDBF literature. The designed Farrow structures achieved
maximum magnitude and sample delay errors of —39.296
dB and 0.0899 samples, respectively. Despite the noticeable
FD errors, simulation results of the proposed system steered
to —32° and 45° demonstrate that these Farrow structures
successfully achieved accurate beam steering across 80% of
the baseband frequency range, and show the ease with which
a switch in steering angle can be accomplished. MUL/sec
operations for the system were estimated and compared with
a similar WDBF system implemented in literature.

The hardening of the rapidly variable Farrow FDFs in
single-chip RF FPGA devices could see significant resource
reductions in WDBF architectures like that proposed in this
paper. This may also serve to improve future communications
standards, as the Farrow structure has use in other digital com-
munication applications such as symbol synchronization and
resampling. Farrow TTD beamforming could be implemented
instead of, or in combination with, these signal processing
techniques. Integrated higher-order Farrow structures would
enable an improved approximation of equation (8) across the
frequency range, at no expense to the FPGAs programmable
resources, allowing for time-delay WDBF to be used as a
component in larger communications systems implemented on
chip. Additionally, these beamformers could be used as com-
ponents of more sophisticated WDBF techniques implemented
on FPGAs, such as Frost beamformers [17] and generalised
sidelobe cancellers [5].
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