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Abstract—Real-time scanned-array direct-form-I hardware
implementations of two-dimensional (2D) infinite impulse re-
sponse (IIR) frequency-planar beam plane-wave (PW) filters have
potentially wide applications in the directional enhancement of
spatio-temporal broadband PWs based on their directions of
arrival (DOAs). The proposed prototypes consist of a microphone
sensor array, low-noise-amplifiers (LNAs), multiplexers (MUXs),
a programmable gain amplifier (PGA), an analog to digital
converter (ADC), a digital to analog converter (DAC), and a field
programmable gate array (FPGA) circuit based 2D IIR spatio-
temporal beam filter implemented on a single Xilinx Virtex2P
xc2vp30-7ff896 FPGA chip. Starting from published 1°‘-order
designs, novel FPGA architectures for highly-selective 2"¢- and
3"%-order beam PW filters are proposed, simulated, implemented
on FPGA, and verified on-chip.

Index Terms—2D, audio, beamforming, FPGA.

I. INTRODUCTION

Multi-dimensional (MD) beam filters facilitate the selective
filtering of spatio-temporal broadband PWs based on their
DOA [1]. Real-time audio signal processing using linear
microphone arrays have many applications such as sound
localization [2] and directional audio systems [3]. Passive
inductor-resistor (LR) networks are used to realize 2D infinite
impulse response (IIR) recursive filters [1]. Multi-dimensional
IIR frequency-planar PW filters obtained from resistively-
terminated passive inductor-capacitor (LC) prototypes are
practical bounded-input-bounded-output (BIBO) stable [4] and
are of low computational complexity [1].

We propose a scanned-array audio beamformer using highly
selective 27?- and 3"%-order 2D IIR frequency-planar beam
filters. The proposed architecture employs scanned-array data
acquisition [5] to achieve low hardware complexity, and on-
chip data acquisition at each of the element in the uniform
linear array (ULA) of sensors.

II. REVIEW OF FREQUENCY-PLANAR BEAM FILTERS
The 2D space-time input signal is of the form [6]

M

’LU(TLl, 77,2) = wpass(lo) + Z wstop(lk') + nv(nla n2) (1)
k=1

where I, = —sin 01 Az + nocATy, 0 < ng and 0 < ny <

N corresponds to the linear array of N; sensors which are
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uniformly space Ax apart and sampled at each ATy sec-
onds.The speed of wave propagation is c. Thus 0|0 < k < M
are the possible spatial DOAs. wpess(lo) is the pass-band
signal to be enhanced whereas wgop(li), k = 1,2,..., M
are the undesired PWs to be attenuated. Term n,,(n1,n2) rep-
resents the non-plane wave sampled signals such as broadband
noise and interference. Fig. 2(a) and (b) illustrate the mapping
between space-space DOA (0 < 6 < 90") and space-time
DOA (0 < 9 < 45%) which is given by [7],

Az sin 0y, )

cAT, 2)

1/)k = tan71 (
2D Nyquist condition should be satisfied in order to avoid
2D aliasing, and then Ax = cAT; resulting tanv, =
sinf [6]. Frequency-planar beam filters are capable of
highly-selective directional enhancement of broadband spatio-

temporal plane waves based on their DOA. Consider the

. . 2D
2D Fourier transform pair wWpess(Aani, cATsng, ) &

Wpass (jwi1, jwa, ) for the pass-band 2D spatio-temporal PW
signal wpgss(—sinOoni Az + nacATy). If the 2D Nyquist
condition is satisfied, the normalized region of support (ROS)
of Wpass(jwi, jwa, 1) within the Nyquist square (—7 < wq <
m,—m < ws < ) closely surrounds a straight line. As
illustrated in Fig 2(c), this ROS passes through the origin
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Fig. 2. (a) Incident plane-wave in space, (b) incident plane-wave in space-
time and, (c) its frequency-domain ROS within the 2D Nyquist square.

in (w1,w2) € R2, inclining at an angle ¢ to the wo axis.
The principle of spectral beam filtering of broadband PWs
requires the 2D beam-shaped passband to closely surround
the ROS of Wp,ss(jwi, jwa, ) for selectively filtering the
sampled plane wave while rejecting the stop band spectrum

wStOP(AInlv CATS”Q) 111) %:E; Wstop(.jwla Jwa, IZJ) [1].

III. SYNTHESIS OF 2D IIR BEAM FILTERS USING
NETWORK RESONANCE

A highly-selective computationally efficient practical-BIBO
stable implementation of a 2D IIR frequency planar beam PW
digital filter can be designed using the concept of network
resonance [1]. Synthesis of 1%%-order 2D IIR beam filter is
described in [6].

A. Second-Order 2D IIR Frequency-Planar Beam Filter

We propose the 2"?-order implementation of a 2D IIR
frequency-planar beam PW digital filter design starting from
the 2"?-order resistively terminated passive prototype 2D
network illustrated in Fig.4(a). Such networks have an s-
domain transfer function given by [1],

Y (s) Ry

T(s) — —
) =) = B R (I £ GaR.E)s & C’QRLLlsQ(S)

By applying frequency-planar transformation, s = s; cos ¢ +
spsin® and taking L; = Lycost, L; = Lasiny, C; =
Cycostp, Cj = Cysiny, Ry =1, we get

T(s1,82) = L

D727 o1 + eas1 + essa + eas? + e552 + eg5152)
where e; = 1+ Ry, e2 = L; + R,C;, es = L; + R,Cj,
eq = L;Cy, e5 = LjCj and eg = LiCi + chi- We can
obtain the values of Lq, L3, Co and R, using [8] (pp.312).
By discretizing (4) using the 2D bilinear transformation,

(C))

_ 1—2,:1
1+z Y

we get the z-domain transfer function [1],

Sk k=1,2 (5)

H(Zl,ZQ) :T(51,82)| _1721—1 _1722—1 (6)
ST

Applying inverse double z-transform to the (6) yields the time
domain difference equation [1],

£T,-1TC)

Fig. 3. Magnitude transfer function of 2D IIR frequency-planer beam filter.

For the feed-back path ¢ + 5 # 0 where 0 < n; < Nj and
0 < ny. The feed-forward coefficients a;; = 1 for ¢, = 1,2
and feed-back coefficients are given by,

big = (261 + 2e3 — 2e4 + 265)/14

bo1 = (261 + 2es + 2e4 — 265)/14
b11 = (461 — 464 — 465)/A
bao = (e1 —e2+es+es+es —es)/A
- ®)
bo2 = (e1+e2—es+es+e5 —es)/A
b2 = (261 — 2e3 — 2e4 + 265)/A
b21 = (261 — 262 + 264 — 265)/A

bao = (e1 —e2—es+es+es5+e6)/A
where A =e1 + ez + e3 + es + es5 + es. The ZICs are given by,
w(—i,n2) = y(—i,n2) =0 and w(ni, —t) = y(n1,—i) =0 9)

where ¢ =1, 2.

B. Third-Order 2D IIR Frequency-Planar Beam Filter
Similar to the 2"¢-order case, 2D Laplace transfer function

of the LRC network illustrated in Fig.4(b) is given by,

Y(s)

W(s)

T(s) = = Rr/[Rs+ R + (L1 + L3 + C2RsRyL)s (10)

+(C2L3Rs + C2RpL1)s” + C2L1 Lss®)]

By applying frequency-planar transformation and taking L; =
Licos, Lj = Lysiny, Ly, = Lgcosv, Ly = Lasiny, C; =
Cycostp, Cj = Cysiny, Ry, =1 we get,

T(s1,52) = 1/[e1 + eas1 + ess2 + easi + €585 + egs152 (11
2

3 3 2
+ers] + egsa + €9S1S2 + €105153)
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Fig. 4. (a) 2D passive LRC frequency-planar beam network for 2"%-order,

(b) 2D passive LRC frequency-planar beam network for 3”%-order.



where e1= 14+ Rg, ea= L;+Lix+RsCi, es= Lj+Li+RsCj, e4=
L;C; + LxC;, es= LjCj + L;C;, eg= LiCj + LjOi + Lij +
L,C;, er= L;LC;, eg= LleC‘, eg= LiLij + L, L,C; +
LijOiand e1o= L;C;L; + LijCj + CiLle. We can obtain
the values of L;, L3, Co and Rg using [8] (pp.312). By
discretizing (11) using the 2D bilinear transformation and
applying inverse double z-transform yields the time-domain
difference-equation [1],

i=0 j=0

(12)
For the feed-back path i + 5 # 0 where 0 < < N 1 and
0 < ng. The feed-forward coefficients a;; = 1 f z =1,2,3

and feed-back coefficients are given by,

bio = (3e1 + e2 + 3e3 —ea + 3es + eg — 3er + 3es —eg + e10)/A
bo1 = (3e1 + 3ez + e3 + 3es —es5 + e + 3er — 3es + eg —e10)/A
b1 = (961 + 3e2 + 3e3 — 3eq — 3es5 + e — 9e7 — 9eg — eg — 610)/14
boo = (3e1 —e2 + 3e3 —eq + 3e5 — eg + 3e7 + 3es — eg —e10)/A
bo2 = (3e1 + 3e2 —e3 +3e4 —e5 — eg + 3e7 + 3eg —eg —e10)/A
b21 = (9e1 — 3e2 + 3e3 — 3es — 3es — eg + 9er — 9eg — eg + €10)/A
bi2 = (9e1 + 3e2 — 3e3 — 3eq — 3e5 — eg — 9er + 9es + eg — €e10)/A
boo = (961 — 3e2 — 3e3 — 3eq4 — 3es + e + 9e7 4+ 9eg + eg + 610)/14
bso =(e1—ez+es+es+es—es—er+es+eg—ei)/A

bos3 = (e1 +ex—e3+eqs+e5s —eg+er—eg —eg+e1g)/A

b31 = (3e1 —3ez +e3 +3es —e5 —eg — 3er — 3eg + eg + e10)/A
b1z = (3e1 + e2 —3e3 —eq + 3es — eg — 3er — 3es + eg + €10)/A
bz = (3e1 — 3e2 —e3 +3eq —e5 +e¢ — 3er + 3es — eg + €10) /A
bas = (3e1 — e2 — 3es — eq + 3es + eg + 3er — 3es +eg — e10)/A
b3z =(e1—ex —es+es+es+es—er —es—eg—ei)/A

(13)

where A =e1 +ex+e3+eq+es5+es+er+es+eg+ep. The
ZICs are given by,

w(—i,n2) = y(—i,n2) = 0 and w(ni, —i) = y(n1, —i) =0 (14)

where 7 = 1,2, 3.

IV. FPGA-ARCHITECTURES FOR 2"%— AND 3"~ ORDER
2D IIR BEAM PLANE-WAVE FILTERS

The input is obtained using a /N; : 1 analog MUX bank
and an ADC as shown in Fig.1. The MUXs are switched
using a control signal from FPGA and each MUX has a
digital input selection port that is used to generate the multi-
plexed asynchronously sampled scanned-array 1D input signal
Wsean (kAT,s) [5]. For the brevity, T, is normalized to 1,
hence yielding the expression wgeqy, (k). This signal is fed
into the proposed 2"¢- and 3"%-order 2D IIR beam filters im-
plemented on a single Xilinx Virtex2P xc2vp30 — 7f f896
FPGA chip resulting the output yscqr (k). Hardware mapped
signal flow graphs (SFGs) of scanned-array filter architectures
are illustrated in Fig. 5. Spatial Delay Processors (SDPs) in the
SFG handle ZICs by connecting a register-stored O value to its
output when ZICs are required and allow the direct connection
from its input to the output otherwise.

The proposed 3"¢-order filter consumed 2638 slices out of
13696 and 36 18 x 18 multipliers out of 136. The critical path
delay was Torx = 26.527ns at 422 logic levels. The complete
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Fig. 5. Hardware mapped SFG of a scanned-array (a) 2"?-order 2D filter
architecture (b) 3"%-order 2D filter architecture

system is clocked at IMHz, which was derived from 100MHz
system clock by using Xilinx digital clock manager (DCM)
and VHDL clock divider modules.

V. RESULTS

We demonstrate the capability of the 2D IIR beam filters
using broad-band Gaussian-pulse PW signals [6]. The pass-
band signal has spatial DOA 6y = 10° and arbitrary selected
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(a) Input signal sampled by the sensor at n1 = 63(N1 = 63), (b) Output 1D signal of the first-order IIR 2D beam filter (N1 = 63), (c) Output 1D

signal of the 2"?-order IIR 2D beam filter (N7 = 63), (d) Output 1D signal of the 3"%-order IIR 2D beam filter (N1 = 63).

two stop-band signals have spatial DOAs 6; = 40° and
6, = —20°. The objective is to employ a 1%-, 27¢- and
374-order spatio-temporal 2D IIR broadband frequency-planar
beam filters to selectively enhance the pass-band PW while
attenuating the stop-band waves. Fig 6(a) shows the sampled
version of the 2D input signal at n; = 63 where the total
number of microphones is equal to 64. As seen from Fig. 6(b-
d), it is clear that the selectivity of the 2D IIR beam filter
increases with increased transfer-function order, for a given
number of sensors.

VI. CONCLUSION

Highly selective 2D IIR PW beam-filters are capable of
scanned-array audio beamforming. The order of the 2D IIR
filters has a substantial effect on the selectivity such that
higher the order of the beam filters, higher the selectivity. Real-
time audio beamforming applications require sensor array with
higher number of sensors in order to obtain a better spatial
selectivity. Further scanned-array approach reduces the hard-
ware complexity that is arisen due to the increment of number
of channels. Proposed scanned-array audio beam forming
architecture can be used in highly selective, low cost and
low complexity real-time applications. Novel FPGA hardware
architectures for 2"%- and 3"?-order scanned-array frequency-
planar beam space-time PW filters were proposed, designed,
simulated, physically implemented and finally verified on a

single FPGA chip.
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