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1. INTRODUCTION

The beamforming technique [1-5] is based on the combination of M different signals coming from
M antennas. Such combination is obtained by delaying and summing the signals in order to produce additive
interferences in some directions and destructive interferences in others.

In this application, the delay blocks represent a crucial element. When the beamforming involves
narrowband signals, the delays can be realized with simple phase shifters, implemented with complex
multipliers. Vice versa in case of wide-band signals, delay blocks must be implemented using more complex
circuits [6-7]. A common solution consists in the use of fractional delay filters. These filters are able to
generate delays, which are a fraction of the system clock cycle. In wideband applications, as for example
wideband beamforming, the filters must comply with some specifications, namely:

a. Large bandwidth (ideally Nyquist frequency)
b. Reduced Magnitude ripple

c.  Reduced Phase ripple

d. ldeally constant Group delay

These requirements can be easily met using the Weighted Least-Squares (WLS) method
implemented with the Farrow architecture [8-13]. However, as the processing rate increases, e.g. more than 1
GHz, the hardware implementation could present some complications, for example the high sample rate that
makes impossible the use of FPGAs. The reason is the impossibility of FPGAs to reach processing rates
beyond the GHz. In fact, although modern Time-Interleaved ADCs [14-16] (TI-ADC) are able to provide
wide-band signals with sample rates over the GHz, FPGAs are not able to process such signals without
decimation and, consequently, without reducing the bandwidth of signals involved in processing [17, 18].
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In this paper, the authors present an FPGA based digital delay for wideband digital beamforming.
The proposed solution is able to reach preocessing rates compatible with actual TI-ADC. Such digital delay
is based on Parallel FIR Filters which are used to compose a Parallel Farrow Filter.

2. RESEARCH METHOD

Farrow filters [19-21] represent the most common solution for the implementation of fractional
delay filters. They are widely discussed in the literature and a detailed analysis is provided in [20]. In Figure
1 the block diagram of a Farrow filter is provided. The filter is composed of delay blocks, adders, multipliers
(used for the selection of the delay entity) and M subfilters. Subfilters are represented in the figure with
blocks named Ci(z) with 0<I<M-1. As discussed in [3, 4], modern TI-ADCs for high speed/wide-band
applications are usually composed of 2 or 4 ADC cores. Each core provides the output on a separate bus. All
the cores work in parallel and the total sample rate of the ADC is the sum of the sample rates of the
single cores.

In other words, the total sample rate is L-f;, where L is the number of cores and f, is the sample rate
of each core. The idea of the proposed digital delay is to parallelize the Farrow architecture in order to
process the incoming parallel data from the TI-ADC cores as shown in Figure 2. This is possible by
parallelizing the sub-filters that compose the Farrow filter. The parallel architecture is based on polyphase
filters banks [22, 23]. This technique allows to reduce the operating frequency by parallelizing the filters and,
as consequence, could be used to reduce the system power consumption by acting on power supply [24].

To achieve such parallelization, we introduce a new polyphase architecture that we call Parallel-
Polyphase. This architecture, differently from traditional polyphase architectures, is able to process data
without any decimation and consequently without any bandwidth reduction.
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Figure 1. Farrow filter architecture

Let's consider the impulse response c;[n] of a generic sub-filter C; composing the Farrow filter. In
order to implement the architecture shown in Figure 2, each sub-filter must be parallelized by a factor equal
to the number of TI-ADC available cores (Figure 2 shows the case of a TI-ADC composed by 4 cores). In the
following, we get the equations for a generic parallel filter having L inputs and L outputs, where L is the
number of the TI-ADC cores. We transform the discrete convolution of a classic SISO (Single Input, Single
Output) FIR filter into a parallel convolution to model a MIMO (Multi-Input, Multi-Output) FIR Filter. A
FIR filer is described by the discrete convolution:

y[n] = XI5 x[n — ilcli] (1)

where N is the length of the filter output and c[n] is the impulse response of C;(z).
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Figure 2. Parallel farrow filter with L=4

Applying a factor L polyphase decomposition [25] to the output y[n], we split the output in L
branches y,[n] with k=0, 1, 2 to L-1:

yelnl = y[ln + k] = X5 x[Ln + k — i]cli] @

Note that each output y[n] depends on every sample of the input sequence x[n]. Because T1-ADCs
provide the inputs in parallel (each core has an independent bus), input x[n] in the equation must be also
parallelized. This is possible using a  change of  variables: i=Lm-+l with
0 <1<L-1 and 0 <m < M-1 where M is the length of the subfilters obtained by the polyphase decomposition
of c[n] [6]. The new equation of the model is shown in (3).

Yelnl = XiZg s x[Ln + (k — 1) — Lm]c[Lm + []) 3
(3) describes the L outputs y[n] in function of the L inputs. In terms of Z transform we have:

Ye(2") = XiZo Xk—1(z")H (") (4)
where Z{x[Ln + (k — 1) — Lm]} = X,_,(z") are the L parallel inputs provided by the TI-ADC and Z{c[Lm +

1]} = Hy(z") is the subfilter of c[n]. The term X,_, may have a negative subscript. For this reason, we
consider B=k-l and we rewrite X, with subscript between 0 and L-1:

Xp(z1) = Z{x[ln + 1} = Z{x[L(n = D] + (L + B)} = Xy (z)27E (8)
Consequently:
k L-1
Ye(z8) = ) Xy_i(z")H(z") + Xpge—n (") Hi(z") z7F

(6)
L-1
Va(@) = ) X (2 Hi(2)
i=0
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For example, choosing L=4, a generic filter Ci(z) can be parallelized as shown in Figure 3. The
polyphase sub-filters H;(z") are computed as shown in [6]. Note that the regularity of such architecture allows
an easy scalability for any value of L.
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Figure 3. Parallel polyphase decomposition for L=4

3. RESULTS AND DISCUSSION

The architecture of Figure 2 has been coded in VHDL and implemented on a XILINX XCVU9P-
L2FLGA2104E FPGA [26]. After the hardware implementation, the digital delay has been tested injecting
sinusoids at the input. Keeping a 16-bit resolution in the entire data-path (also inputs are represented with 16
bits) we obtain the following results:
a.  Magnitude ripple < 0.2 dB.
b.  Phase ripple < 2°.
c.  Minimum delay 10 ps.
d. Maximum clock frequency (500 MHz)

The Farrow filter is composed by M=5 subfilters with a length of N=11. The maximum clock
frequency of 500 MHz allows the reaching of 2 GSPS using 4 cores. In Figure 4 the magnitude and the phase
error response in function of the delay are provided. Figure 5 shows examples of delay in the time domain.

Table 1. Resources utilization
Resources Utilization ~ Available  Utilization%

LUT 4,449 1,182,240 0.38%
LUT RAM 784 591,840 0.13%
FF 10,735 2,364,480 0.45%
DSP 80 6,840 1.17%
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Figure 4. Bode diagrams of the proposed digital delay
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Figure 5. Time response with delay 31.25 ps and 62.5 ps
4.  CONCLUSION

In this paper, a digital delay for beamforming has been presented. The proposed digital delay is

based on a parallel polyphase decomposition that can be easily implemented on FPGA or ASIC. Thanks to its
regularity, this parallel polyphase decomposition can be easily generalized for any value of L. The introduced
digital delay allows FPGAs to process wide-band signals without any decimation and consequently without
any bandwidth reduction. We have shown an implementation’s example able to process a 2 GSPS signal
using a TI-ADC with 4 cores and a 500 MHz clock frequency. The signals can be delayed of small quantities
up to 10ps with Magnitude Ripple and Frequency Ripple respectively less than 0.2 dB and 2°.
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