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Abstract — Many impediments stand between the exciting con-
cept of distributed collaborative beamforming (DCB) and its
real-world and wide-use applicability. In this paper, we present
novel DCB designs, obtained in closed form, that do not require
any data exchange between terminals, yet properly cope, as
dictated by a broad range of applications, with both scattered
and interfered multi-antenna dual-hop transmissions under
different power constraints. We also analyze the performance of
these new DCB designs in terms of SNR and link-level
throughput, both by newly established theoretical closed-form
expressions and simulations to illustrate their spectrum, power,
and computational-cost efficiencies in real-world operating
conditions that account for various implementation
imperfections.

Keywords — Distributed collaborative beamforming, scattering,
angular distribution/spread, monochromatic/single-ray and
polychromatic/multi-ray channels, bichromatic/two-ray ap-
proach, device/machine-2-device/machine (D2D/M2M) communi-
cations, wireless sensor networks (WSN).

I. INTRODUCTION

As a strong means to establish a reliable communication over
long distances while avoiding coding and other high-cost
signal processing techniques, beamforming has gained signif-
icant interest in the research community [1]-[12]. Using this
technique, a multiple-antenna transceiver transmits or receives
a message through its K antennas. Each antenna multiplies its
signal by a beamforming weight so that all signals are
constructively combined at the destination. These weights are
properly selected to achieve a specific design objective while
satisfying one or several practical constraints.

It has been shown that beamforming is able to not only
substantially improve the received signal’s quality, but also
significantly reduce the antennas power consumption [9]-[12].
However, in several real-word scenarios, practical constraints
such as size may rule out the use of multiple-antenna units. In
such a case, collaborative communication among K small
single-antenna battery-powered terminals (sensor nodes,
mobile users, relays, etc.), called collaborative beamforming
(CB), can alternatively be used to emulate the conventional
beamforming [9]. In fact, CB allows terminals to operate
virtually as a single physical entity and, hence, take advantage
of beamforming benefits.
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The widely used CB solution that is able to achieve optimal
performance in almost all real-world scenarios, is the optimal
CSI-based CB (OCB) [13]-[16]. When the latter is
implemented in the network, it has been shown that each
collaborating terminal’s weight then depends not only on that
terminal’s CSI, but also on the other terminals’ CSI [9]-[12].
Since terminals are very often autonomous and located at
different physical locations, they have limited knowledge
about each other’s CSI. To compute their respective
interdependent weights, they have to exchange their local
information resulting inevitably in an undesired overhead. The
latter increases with the terminals’ number K, the
interferences’ number M | as well as the channel Doppler
frequencies. If one of these parameters is large, this overhead
becomes prohibitive and may cause substantial performance
degradation and severe terminals’ power depletion. This
critical impediment motivates further investigation of
strategies able to reduce the overhead incurred by OCB.
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Fig. 1. Overhead vs. channel mismatch tradeoff challenge.

As such, the optimized CSI or weights’ quantization schemes
such as the Grassmannian scheme in [17] appear to be
efficient strategies to achieve this goal. Nevertheless, the latter
usually require a huge codebook that increases the overall cost
of the network if integrated at each terminal. Furthermore, the
quantization itself introduces errors in weights, thereby
causing a CB’s performance degradation. More importantly,
such schemes do not significantly reduce overhead since the
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latter still keeps increasing with K, Mi, and channel Doppler
frequencies. Another strategy to circumvent this problem con-
sists in ignoring scattering and assuming instead monochro-
matic (i.e, single-ray or plane-wave) channels. This
assumption allows terminals to avoid CSI estimation since the
latter will then only depend on each terminal’s location and
the source and interference DoAs [9], [12]. It also allows the
distributed implementation of the so-obtained weights as they
are solely dependant in information locally available or
obtainable at each terminal. Several monochromatic
distributed CB (MDCB) have been proposed [9]-[12], but
unfortunately shown [18]-[22] to perform poorly over
polychromatic (i.e., multi-ray) channels due to mismatch. At
very small values of the angular spread (AS), the latter results
into slight deterioration that becomes, however, quickly
unsatisfactory at moderate to large AS. In other words, any
overhead gain of M-DCB against OCB can be achieved only
at the expense of some performance loss. To sum up, until
recently, only OCB and M-DCB solutions exist. The first
nominally (i.e., in ideal conditions) performs optimally but
incurs a huge overhead, while the second substantially reduces
the overhead but performs poorly. As illustrated in Fig. 3, a
mismatch versus overhead tradeoff challenge needs to be
addressed in order to design a practically more appealing
technique that combines the advantages of both OCB and M-
DCB (i.e., optimal performance and low-overhead) while
avoiding their constrains (i.e., large overhead and channel
mismatch). Concretely, one needs to design new DCB
techniques in the target region illustrated in Fig. 3. Such
techniques must clearly satisfy two conditions: Cl) low
implementation overhead and C2) low channel mismatch. This
work aims precisely to introduce the newly-proposed DCBs
that satisfy such conditions.

In this paper, we consider an OCB design that achieves a dual-
hop communication from a source to a receiver, through a
wireless network comprised of K independent terminals. We
verify that its implementation requires a huge overhead.
Exploiting the fact that for low AS, a polychromatic channel,
owing to a Taylor series expansion of its correlation matrix,
can be properly approximated by two angular rays and hence
considered as bichromatic, we introduce a new bichromatic
DCB (B-DCB) that incurs a negligible overhead cost. We
show that B-DCB performance are optimal only at low to
moderate AS values and deteriorate when the latter increases.
Aiming to further push the DCB’s real-world applicability, we
introduce a polychromatic (i.e., multi-ray) DCB (P-DCB) that
is able to achieve optimal performance even for high AS
values. The performance of these new DCBs are analyzed in
terms of SNR and link-level throughput, both by newly es-
tablished theoretical closed-form expressions and simulations
to illustrate their spectrum, power, and computational-cost
efficiencies in real-world operating conditions that account for
various implementation imperfections.

!Note that we consider here that M; = 0, for the sole sake of simplicity
and consistency. The generalization to the multi-source case of all the results
and derivations in this paper is disclosed in [19].
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The rest of this paper is organized as follows. The system
model is described in Section II. The DCB designs are intro-
duced in Section III. Section IV compares the performance of
these techniques in terms of ASANR while Section V com-
pares them in terms of the link-level throughput. Simulations
results are shown in Section VI and concluding remarks are
given in Section VII.

Fig. 2. System model.

Notation: Uppercase and lowercase bold letters denote
matrices and vectors, respectively. [-|;; and [-]; are the (7. 1)-th
entry of a matrix and i-th entry of a vector, respectively. I is the
identity matrix and e; is a vector with one in the /-th position
and zeros elsewhere. (-)T and (-)¥ denote the transpose and
the Hermitian transpose, respectively. || - || is the 2-norm of
a vector and | - | is the absolute value. E{-} stands for the

5 . epl pl i
statistical expectation and (—) —+ denotes (element-wise)
convergence with probability one. ./ (-) is the first order Bessel
function of the first kind and & is the element-wise product.

II. SYSTEM MODEL

As illustrated in Fig. 2, the system of interest consists of
a wireless network or subnetwork comprised of K uniformly
and independently distributed terminals on D(O, R). the disc
with center at O and radius R. a receiver at O, and a source S
located in the same plane containing D(O, R)! [9]. [10].-We
assume that there is no direct link from the source to the
receiver due to pathloss attenuation. Moreover, let (7, ;)
denote the polar coordinates of the k-th terminal and (A4 s, ¢s)
denote those of the source. The latter is assumed to be at
¢, = 0, without loss of the generality, and fo be located in
the far-field region. hence. A; > R.

The following assumptions are further considered:

Al) The far-field source is scattered by a large number of
scatterers within its vicinity. The latters generate from the
transmit signal L equal-power rays or “spatial chromatics”
(with reference to their angular distribution) that form an L-
ray propagation channel [18]-[24]. The [-th ray or chromatic
is characterized by its angle #; and its complex amplitude
a; = pe’st where the amplitudes p;, I = 1,...,L and the
phases &, L= 1,000y L are independent and identically dis-
tributed (i.i.d.) random variables, and each phase is uniformly
distributed over [—m,n]. The 6;, [ =1,..., L are also i.i.d.
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random variables with variance crg and probability density
function (pdf) p(0) [18]-[24]. All #;s, &s, and p;s are mutually
independent. Note that the standard deviation o4 is commonly

known as the angular spread (AS) while p(f) is called the
scattering or angular distribution.

A2) The channel gain [f]; between the k-th terminal and
the receiver is a zero-mean unit-variance circular Gaussian
random wariable [11]. The source signal s is a zero-mean
random wvariable with unit-power while noises at terminals
and the receiver are zero-mean Gaussian random variables
with variances 7,” and 0,”. respectively. The source signal.
noises, and the terminals forward or backward channel gains
are mutually independent [11].

A4) The k-th terminal is aware of its own coordinates
(re, ), its forward channel [f];.. the directions of the source
¢s. K, and o} while being oblivious to the locations and the
forward and backward channels of all other terminals in the
network.

Using Al and the fact that A; > R. the chan-
nel gain between the k-th terminal and the source or
the receiver, respectively, can be represented as [g]r =
SO1L, are—iFTrcos(Bi—vr) where ) is the wavelength.

A dua-hop communication is established from the source S
to the receiver. In the first time slot. the source sends its signal
s to the wireless network. Let y denotes the received signal
vector at the terminals given by

(1)

where v is the terminals’ noise vector. In the second time
slot. the k-th terminal multiplies its received signal with
the complex conjugate of the beamforming weight wj and
forwards the resulting signal to the receiver. It follows from
(1) that the received signal at O is

yv=gs+wv,

ff (w*oy)+n=w (foy)+n
= wiH(fogs+fov)+n

— H Hype'— I

= sw hi+w ' (fOV)+n,

r =

(2)
where w £ [w, ... wk] is the beamforming vector. h £ foO g,
f £ [[f]l1...[f]x]”. and n is the receiver noise. Several
approaches can be adopted to properly select the beamforming
weights. In this paper. we are only concerned with the ap-
proach that aims to minimize the noise power while fixing the
beamforming response in the desired direction at a certain level
considered here. for simplicity, equal to 1. Mathematically. we
have to solve the following optimization problem:

W0 = argmin wH Aw s.t. wHh = ] |

(3)
where wo is the optimal CB (OCB)’s beamforming vector,
A £ diag{|[f]1)%.-.|[f]k|?}. It can be readily proven that
wo is given by

wo = (hA 'ho) T A™'h

)
A straightforward inspection of (4) reveals that w o depends on
information locally-unavailable at every terminal making the
OCB a non-distributed solution [25]. [26]. In what follows.
we infroduce the main DCB designs in the literature and
compare their performances. in real-world environments. with
one another and also with the non-distributed optimal design
in (4).
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III. DISTRIBUTED COLLABORATIVE
BEAMFORMING (DCB) DESIGNS

In this section. we focus on there main DCB designs: the
monochromatic (i.e.. single-ray) DCB (M-DCB). the bichro-
matic (i.e., two-ray) DCB (B-DCB). and the polychromatic
(i.e.. multi-ray) DCB (P-DCB).

A. M-DCB design

This design. which has been the sole truly-distributed design
for almost a decade. intentionally neglects the scaftering
effect (i.e.. assume that gy — 0) to nominally assume a
monochromatic single-ray propagation channels and, hence.
the beamforming vector associated with M-DCB is given by

(]

wy = pumA” hy, (&)
where  hy = a(0) with [a(f)], —
[f]ke_j(Z“—[A}Tk cos(@+ds—vu) and [15%1 —

[a(D}HA—la(G})_l = 1/K. Also known as conventional

DCB. this beamformer implementation requires that the
source estimates. quantizes and sends only its direction
®s [9]. This process results in both localization and
quantization errors and. hence. the channel hjy; should be
substituted by hy = hye7(®a+esa) where e, and €,q are
the angle localization and quantization errors. respectively.
Assuming that these errors are relatively small and using
Taylor’s series series expansion. one can easily prove that
}:\].i[?\.j e 111\2{ + E]\‘é wherel ey = —jhy (E-!a —l—_eaq} with v.aria.nce
Oepy = Oc, +0¢,,- Using a (B, + 1)-bit uniform quantization.

.= 2_23“% [28]. In turn. we
use the CRLB developed in [29] to define Grga and. hence.
2

it can be shown that Jga
z 4sin?( & )o2 <4 .
o2 = —vé:%-y)—! where N is the number of samples using

b=

to estimate ¢,. Taking into account the aforementioned

consideration. the practical M-DCB beamforming vector is

now given by )
W = fimA 'y,

(6)

A —1
where jin = (hﬁA‘th) .

B. B-DCE design

Exploiting the fact that for low AS a multi-ray channel -
owing to a Taylor series expansion of its correlation matrix-
can be properly approximated by two angular rays and hence
considered as bichromatic. a bichromatic distributed CB (B-
DCB) was recently proposed in [20] and [21]. Its beamforming
vector is given by

wp = ppA” 'hg, @)
l{a(frg)—l—a{—crg)} 1B =

= (1 +2M1)_ . Note that in the conventional
K ¥(208)

scenario where the local scattering effect is neglected (ie..
oy — 0) to assume monochromatic propagation channels,
(7) is reduced to (5). It is also noteworthy that the B-DCB’s
implementation requires that the source estimates. quantizes
and sends its direction ¢, and the AS oy, thereby resulting

where hg = and
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in both estimation and quantization errors. The channel hp
should be then substituted by hp = hpe=/(ea+esatestew)
where e, and e., are the AS estimation and quantization
errors. respectively. Using the same approach as above. one
can easily show for relatively small errors that hg = hp+ep
where eg = —jhp(e,+ €y + 6+ esq) with wvariance
02, =05, +02, +02 +02 . Using a (B, + 1)-bit uniform
quantization, it can be shown that 07 = 2~ 2B, ’r [28].
Since AS estimation can be modeled as a DoA estunanon
of two point sources, we also use for simplicity the CRLB

developed in [29] to define o2 and. hence. 02 = oZ.
Therefore. the B-DCB beamforming weight is now
Wp = fipA"'hp, (8)

where fip = #(1+02,)"! (1 QJJi:i;i:ei ])
C. P-DCB design

P-DCB design relies on an efficient approximation at large
K of the OCB weights. Its beamforming vector is given by
[22

wp = upA~ Thp

©)

where pup = & (Zf‘zl anzl ajas, A (6 — Hm})
A(¢) = Ji (4m&sin(¢/2)) /4mE sin (¢/2), and hp = h.
From (9). in order to implement the P-DCB technique.
the source must estimate and quantize the channels
[h]g,k =1... K before sending them back to all K terminals.
This process unfortunately results in both estimation and
quantization errors as well as an important overhead. Let
us denote the resulting channel vector by hp = hp + ep
where ep = f® e. +f @ e.q and e, and e 4 are the channel
identification and quantization errors. respectively. Let us
denote the variance of eo by 02 = 02 + 03 Where 07
and chq are the variances of e‘; and e.q. respectively. We can
show that 02 = 3£ (702 fp)® where fp is the normalized
Doppler frequeucy [bx] Moreover, assummg a (B. + 1)-bit
uniform quantization we have r:r2 — ks 28;51%& where fyfax
is the peak amplitude of all chalmels realizations [h], for
E=1,..., K [28]. Taking into account these considerations,
the Ps beamforming vector is now given by

Wp = jipA"'hp (10)
(Sl Th 1A (0 — ) )

PERFORMANCE ANALYSIS IN TERMS OF ASANR

where jip = - (1+02,)

Iv.

In order to analyze and compare the DCB designs’ perfor-
mances, we infroduce the following performance measure:

¥, (06) = Ew. ‘

‘-_.w::-l.

(11)

where éw = Pw(qf:s} / fjwﬂ is the achieved average-signal-to-
average-noise ratio (ASANR) when w is implemented with
= T 2
Py (¢,)=E { |W’H h|

Bow=038 {WH Aw} + 0?2 is the average noise power.

}. called the average beampattern. and
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Note that it is also interesting to study the behavior of
a more practical performance measure. the average SNR
(ASNR) &, = E{Pw(0s)/Pwn} where the expectation is
taken with respect to the random variables r. vy and [f]x for
E=1,...,K and oy and @; forl = 1,...,L. Since P (ds)
and P, ,, are very complicated functions of the latter random
variables. deriving a closed-form expression for £, appears.
however. to be extremely difficult if not impossible. This also
suggests that it is more practical to analyze the behavior of
the achieved ASANR. Furthermore. it has been in [21] that the
achieved ASANR and ASNR using any w € {Wnr, Wp, Wp}
have the same asymptotic behaviors when K grows large.
This further motivates us to analyze and compare ASANRS
achieved by the B-DCB design

Using the fact that h and e, are statistically independent,
é.:,.' can then be expressad as

r P (@) +E (A, |17} (12)
R “‘”‘+“3E{“fef‘3\‘let}+cfﬁ(E{(ﬁf)z} ¥ )

Note that the each of the numerator and denominator de-
composes into two terms conespondmg to channel mismatch
contribution (i.e.. Py @s) or P‘fv n- respectively) and channel
quantization/estimation errors contribution (i.e.. each remain-
der).




2017 6th International Conference on Reliability, Infocom Technologies and Optimization (ICRITO) (Trends and Future Directions), Sep. 20-22, 2017,

A ASANR of M-DCB vs. B-DCB

Using the results in [20] and [21]. it can be shown for large
K that

Twm(og) = TIDL (13)

2
where TIPL(0y) = T(0) (1+2M) /49 (0) with

1(20s)
. 2
Ji(y(d+8+0s)) |, Ji(y(d+8—c
ff’):fp(@)( lﬂrﬂ['q-,_,_g_,_gef )y lw-?éiﬂ—asf”) df and T'(¢) =
[ p(®) (Q%Yd& TLDL(JH) refers actually to the

ASANR gain of w, against wg achieved in ideal conditions
where all the estimation and quantization errors are negligible.
In [21]. we proved that TIDL{G'Q} < 1 and the ASANR gain
achieved using wp instead of wyy can reach as much as 3
dB for high AS. However, from (13). Ty(og) < T]DL( g)
only when 02, > 02, (ie. small B, and B,). Therefore,
-the B-DCB always outperforms the M-DCB as found in ideal
conditions. excluding exceptional circumstances of unrealistic
low quantization levels (i.e.. very large quantization errors)

hard to justify in practice.

B. ASANR of B-DCB vs. P-DCB

In this section we carry out a comparison between the B-
DCB and its P-DCB vis-a-vis. It can be shown that Tp is
given by [21] [22]

(1 +02,)?
crép_[.z
L—1)(L-2)

Tp (00) = TPL (o) (14)

1—|—2L i
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There TIDL i
where Tp ™ (0g) = 3a)

((1 + QM) ) /42 (0). From the

latter definition. we have TH?(0) = 1. This is expected since.
when there is no local scattering in the source vicinity (i.e..
gy = (). wp = wpg. Simulations results in Section VI will
show that T{;PL(UH} = 1 also holds. in rural and suburban
areas where g #= 0 but relatively small. However, when og
is relatively large such as in urban areas, one can easily show
that Jy (v (209)) /v (206) =~ 0 [11] and. hence, T%PLEJ{,.} B
(49 (0))~'. Since €2(0) decreases if oy increases. Tp(oy)
turns out to be a decreasing function of gy for high AS
values. Consequently. under ideal conditions. in rural and
suburban areas. the two designs have the same performance
while in urban areas P-DCB outperforms B-DCB. However,
under real-world conditions (i.e.. accounting for the estimation
and quantization errors incwred by each desmn) from (14),
Tp (og) is a decreasing function of fD since (T increases
with the latter. This means that B-DCB achieves, 111 rural and
suburban areas. an ASANR gain against P-DCB: a gain which
increases with fp. It also means that in urban environments a
higher AS is required to guarantee Tp (0g) < 1 as fp. This
results in a wider operational region in terms of AS values
over which the B-DCB is favored against P-DCB.

Ang‘u]'u spreqd value

D "B
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Fig. 3. SNR-level performance of M-, B-. and P-DCBs.

V. PERFORMANCE ANALYSIS IN TERMS OF LINK-LEVEL
THROUGHPUT

The problem with the comparisons made above at ASANR
level is that they do not factor in the different overhead
costs incurred by each design. It is therefore appropriate to
make comparisons in terms of the link-level throughput as
well. Assuming without loss of generality a BPSK-modulated
transmission. the link-level throughput achieved by W, is
given by [31]

T, (06) = 0.5 (Rt — R ) Ef{log, (1 + &&,)}, (15

where RT and R“,lvh* are the transmission bit rate and the
overhead bit rate allocated to Ww,’s implementation. Oblivi-
ously. Tw, (0g) is intractable in closed-form which hampers
its analytical study. However. the latter can be approximated
as [30]

Tar. (00) =~ T, (08) = 0.5 (Rr— RS ) log, (1 4 a-fﬁ,,) . (16)

Therefore, the throughput gain given by

T, (90) — Tarn (90)
Tas (08) '

Gw, (70) = a7

can be used to compare the CBs® performances. Yet we will
shortly see below. both by analysis and simulations. that this
simplifying assumption is still able to provide an analytical
framework that is extremely insightful qualitatively.

A. Throughput of B-DCB vs. P-DCB

As discussed in Section II-C. P-DCB’s implementation
requires that the source broadcast all a;s and 6;s. This process
requires 2L time slots of B, bits transmitted at an identifica-
tion refreshment rate fig = 1/TtR where Tig denotes the
refreshment period. Tt is noteworthy that Tip should satisfy
Tir = T. where T. = 0.423/ fp is the coherence time and fp
is the maximum Doppler frequency. For simplicity. we assume
fir = 2fp. Therefore, the P-DCB implementation overhead
rate is R&,“P = 2B, fp and, hence. its achieved throughput is

Tar (06) = 0.5RT (1 — ALB.fp) log; (1 +gﬁp) . (8)
Since when fp increases é‘;,,p decreases. it follows then from
the above result that 'f},,r, also decreases if fp increases.
Interestingly. from (18). B. has two contradictory effects
on ’F_ﬁp. Indeed. if B, increases the P-DCB overhead rate
increases and. hence, 7, is decreased. However. as discussed
above increasing B, results in improving the ASANR fn‘.‘vp and.
therefore, the achieved throughput ﬁ,r, is increased. The resulf
in (18) could then be exploited to find the optimum number of
quantization bits BZP" that maximizes the throughput achieved
using the P-DCB technique.
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On the other hand. the B-DCB implementation requires
that the source estimates. quantizes and broadcasts ¢, and
ag. The angular estimate broadcasting requires only one time
slot of B, bits transmitted at a localization refreshment rate
fur = 1/TLr where TLR is the refreshment period. In turn,
the AS estimate broadcasting requires one time slot of B bits
transmitted at an estimation refreshment rate fpr = 1/Tgr
where Tgp is the estimation refreshment period. Since T r
and Tggr are typically very large compared to Tig (ie..
Tir > Tir and Tgr > Tir). we have both fir and fer
negligible compared to fig (i.e.. fur = 0 and fgr ~ 0). and
hence we have Rfﬂ; ~ (. Therefore. the throughput achieved
using the B-DCB is

Tirs (09) =~ 0.5RT log, (1 - &;.,B) . (19)
As can be shown from (19), in contrast with P-DCB. the B-
DCB throughput is independent of the normalized Doppler
frequency fD and. therefore. Gwp (0g) decreases if the latter
increases. Furthermore. since we showed in Section IV-B that
Lo = Egp for high SNR and relatively large B, and B.. we
have Gy, (0p) < 0 for large K and low AS. Consequently.
the B-DCB outperforms, in rural and suburban areas. its P-
DCB vis-a-vis in terms of achieved throughput. Simulations
in Section VI will show that this results in a wider operational
region in terms of AS values over which the B-DCB is favored
against P-DCB. They will also establish that this operation
region increases with K and fp and reaches as much as
40 deg for large K and high fp . against about 17 deg in ideal
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conditions (i.e, without accounting for any overhead cost or
any quantization or estimation error).

B. Throughput of M-DCB vs. B-DCB

As discussed in Section ITI-A, the M-DCB implementation
only requires that the source estimates. quantizes and broad-
casts its angle ¢,. Following similar steps as above. it can
be easily shown that R“h“ ~ 0 and, therefore, TWM (op) =~

0.5RTtlog, (1 + ﬁﬁm)- Thus. we obtain

10g2 (1 T ‘gﬁr\d)

lng (1 + éﬁfﬁ) o

(20)

Gy (06) =

Since for reasonable B, and B, 5“.1,” {v‘,—m. we have
Gy (0a) 0 . it follows from (20) that the B-DCB is
always more efficient than the M-DCB in terms of achieved
throughput.

To summarize. both B-DCB and P-DCB are good candidates
to be in the target region (i.e.. low overhead and channel
mismatch). Indeed. when AS is small enough to keep the two-
ray approximation valid. the bichromatic channel well approx-
imate the polychromatic and. hence, the channel mismatch is
very low. Since it also requires a low overhead. B-DCB could
be, as shown in Fig. 4(a). in the target region. However, if AS
increases the channel mismatch may becomes more significant
making B-DCB outside the target region. In such a case. if fp
is small. P-DCB incurs a negligible overhead and. hence, as
shown in Fig. 4(b). may also access the target regions since
his channel mismatch is extremely low.

IV. SIMULATION RESULTS

Numerical experiments are performed to verify the analyti-
cal results. In all examples. we assume that the noises’ powers
o2 and o2 are 10 dB below the source transmit power. It is
also assumed that ¢, and oy are estimated using N = 10
samples. Furthermore., we assume that the number of rays is
L = 6 and that their phases are uniformly distributed. All the
results are obtained by averaging over 10° random realizations
of re. Yp. [fle for k=1,... ., K and oy, 6 for I =1,....L
as well as all the estimation and quantization errors.

Fig. 5(a) displays T]DL(JQ) and TM(JQ) for different
values of B = B, = B.. As can be observed from this
figure. for practical value B = 8. TM(J;,'} al Ti?L(Jg)‘
This is expected since for high quantization levels quantization
errors are negligible. In such a case. we also show that the B-
DCB is much more efficient in terms of achieved ASANR
than its M-DCB vis-a-vis. However, from Fig. 5. the achieved
ASANR gain using W instead of wir decreases with B. This
is expected since éﬁ,g is affected by both quantization errors
e,q and esq while é‘;‘,m involves only e.q. Furthermore, i
follows from this figure that the M-DCB outperforms the B-
DCB only for unrealistic low quantization levels which are
hard to justify in practice. This corroborates the discussion
made in Section-TV-A.

28

AIIT, Amity University Uttar Pradesh, Noida, India

®
& T
=
©
=
2 Full-CS|-Based
‘é 8 : Plana-Wave Based oce
o = . ca @
P-DCE ° PmmI—CS‘—Based
bl ES| e .
- §= [poca .u °
@
S
g
-
ap Low Overhead - Throughput High  fj)

(compiexity, power, cost)

(a) Moderate oy and large fpy.

£
m,\g ’luﬂeWé\Be-Based
= ]
g
e 5
B 8w
§i
T B [ e st s B e A
£
g

PamaLCSI-Based
670 rucssms !

Overhead - Throughput High
(complexity, power, cost)

mall
Low

%9

(b) Large oy and small fp.

Fig. 4. Overhead vs. channel mismatch for different oy and fp levels.

Fig. 5(b) plots TH’L(cy) and Tp(0g) for B= B, = B, =
B. = 8 and different values of fp.

From this figure, under ideal conditions. B-DCB and P-
DCB achieve the same ASANR. for low AS values. while the
latter outperforms the first for high AS values. However, under
real-world conditions, the ASANR gain achieved by P-DCB
against B-DCB decreases if fp increases. This corroborates
the discussion made in Section-IV-B.

Figs. 6(a) and 6(b) plot Gy, (0g) for different values of
fp and B.. They also plot Gy, (0¢) in ideal conditions (i.e,
without accounting for any overhead cost or any quantization
or estimation error). As can be observed from these figures. in
rural and suburban areas where the AS is relatively low. the
B-DCB always outperforms the P-DCB in terms of achieved
throughput. Their performances become actually equal only
in idealistic conditions that ignore the practical effects of both
overhead and estimation and quantization errors. Figs. 6(a) and
6(b) also confirm and illustrate the existence of an optimum
quantization level BSP' that maximizes the throughput (i.e.,
level that best minimizes combined losses due fo errors and
overhead) found to be equal to 6 and 5 at fp set to 10~*
and 1072, respectively. At these optimum quantization levels.
P-DCB suffers from throughput losses against B-DCB of
about 3% and 10%. respectively. The B-DCB’s throughput
gains against P-DCB indeed increase with higher normalized
Doppler frequencies. The operational region in terms of AS
values over which the B-DCB is favored against P-DCB also
increases from a nominal low AS range of about 17 deg in
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ideal conditions to about 20 and 25 deg, respectively.

Fig. 7 plot Gy . (0g) for different values of fp. In this figure,
curves are plotted after performing a numerical evaluation of
the optimum quantization level BZP* for each values of fp. For
instance. we find that BSP* = 2 bits when fp = 0.002 while
BE‘P‘ = 4 bits when fg — 1073, As can be seen from these
figures. the B-DCB’s throughput gain against P-DCB increases
if fp increases. Furthermore, the B-DCB operational region
also increases if fp increases and can reach as much as 40 deg
when fp = 0.002. All these observations corroborate all the
elements of our discussion in Section V-A.

V. CONCLUSION

In this work, we considered M-DCB, B-DCB, and P-DCB
designs to achieve a dual-hop communication from a source

AIIT, Amity University Uttar Pradesh, Noida, India

— IO

-20
o 5 10 15 20 25 30 as 40 45 o]

op [deg]

@ fp =10—"

— Ideal

—— B,
Wl —e—m,

—— B
301+ _

Gy la) |7
=]
T

0 :
~10rgrgrlg
P
e
0 5
o [deg]
() fp =10—2
B T T T T T
1
—Ideal
50f-| —6—fp =10"% and BOP =6 i e
—8— fpp = 0.0005 and BIP* =5 :
40} . T =
—— fn =103 and BzFt =4 .
| —&—fo = 0.002 and BEF =2 B_qﬁ'j-f

Gy La) 7]

0 - 10 15 20 25 30 35 20 45 50
g [deg]

Fig. 7. Gwp (op) versus og for K = 20 and different values of fp.

29



2017 6th International Conference on Reliability, Infocom Technologies and Optimization (ICRITO) (Trends and Future Directions), Sep. 20-22, 2017,

REFERENCES

[1] V. Havary-Nassab, S. Shahbazpanahi, A. Grami, and Z.-Q. Luo,
“Distributed beamforming for relay networks based on second-
order statistics of the channel state information,” IEEE Trans.
Signal Process., vol. 56, pp. 4306-4316, Sep. 2008.

L. C. Godara, “Application of antenna arrays to mobile
communications, Part II: Beam-forming and direction-of-arrival
considerations,* Proc. IEEE, vol. 85, pp. 1195-1245, Aug. 1997.

R. Mudumbai, D. R. Brown, U. Madhow, and H. V. Poor,
“Distributed transmit beamforming: challenges and recent
progress,” IEEE Commun. Mag., vol. 47, pp. 102-110, Feb.
2009.

M. Pun, D. R. Brown IIIl, and H. V. Poor, “Opportunistic
collaborative beamforming with one-bit feedback,” IEEE Trans.
Wireless Commun., vol. 8, pp. 2629-2641, May 2009.

G. Barriac, R. Mudumbai, and U. Madhow, “Distributed
beamforming for information transfer in sensor networks,* Proc.
3rd International Workshop Information Processing and Sensor
Networks, 2004.

R. Mudumbai, G. Barriac, and U. Madhow, “On the feasibility
of distributed beamforming in wireless networks,“ IEEE Trans.
Wireless Commun., vol. 6, pp. 1754-1763, May 2007.

L. Dong, A. P. Petropulu, and H. V. Poor, “Weighted cross-layer
cooperative beamforming for wireless networks,” IEEE Trans.
Signal Process., vol. 57, pp. 3240-3252, Aug. 2009.

G. Zheng, K.-K. Wong, A. Paulraj, and B. Ofttersten,
“Collaborativerelay beamforming with perfect CSI: optimum
and distributed implementation,” IEEE Signal Process. Lett.,
vol. 16, pp. 257-260, Apr. 2009.

H. Ochiai, P. Mitran, H. V. Poor, and V. Tarokh, “Collaborative
beamforming for distributed wireless ad hoc sensor networks,”
IEEE Trans. Signal Process., vol. 53, pp. 4110-4124, Nov. 2005.

[10] K. Zarifi, A. Ghrayeb, and S. Affes , “Distributed beamforming
for wireless sensor networks with improved graph connectivity
and energy efficiency,” IEEE Trans. Signal Process., vol. 58, pp.
1904-1921, Mar. 2010.

[11] K. Zarifi, S. Zaidi, S. Affes, and A. Ghrayeb, “A distributed
amplifyand-forward beamforming technique in wireless sensor
networks,“ IEEE Trans. Signal Process., vol. 59, pp. 3657-3674,
Aug. 2011.

[12] K. Zarifi, S. Affes, and A. Ghrayeb, “Collaborative null-steering
beam-forming for uniformly distrubuted wireless sensor
networks,” IEEE Trans. Signal Process., vol. 58, pp. 1889-1903,
Mar. 2010.

[13] Y. Jing and H. Jafarkhani, “ Network beamforming using relays
with perfect channel information,” IEEE Trans. Inf. Theory, vol.
55, pp. 24992517, June 2009.

[14] H. Shen, W. Xu, S. Jin, and C. Zhao, “Joint transmit and receive
beamforming for MIMO downlinks with channel uncertainty,”
IEEE Trans. Veh. Tech., vol. 63, pp. 2319-2335, June 2014.

[15] H.-B. Kong, C. Song, H. Park, and . Lee, “A new beamforming
design for MIMO AF relaying systems with direct link,” IEEE
Trans. Commun., vol. 62, pp. 2286-2295, July 2014.

[16] Z. Yi and I. Kim, “Joint optimization of relay-precoders and
decoders with partial channel side information in cooperative

(2]

(3]

(4]

(5]

(9]

30

AIIT, Amity University Uttar Pradesh, Noida, India

networks,” IEEE J. Select. Areas Commun., vol. 25, pp. 447-
458, Feb. 2007.

[17]1 D. J. Love, R. W. Heath, and T. Strohmer, “Grassmannian
beam-forming for multiple-input multiple-output wireless
systems,” IEEE Trans. Inf. Theory, vol. 49, pp. 2735-2747, Oct.
2003.

[18] A. Amar, “The effect of local scattering on the gain and
beamwidth of a collaborative beampattern for wireless sensor
networks,” IEEE Trans. Wireless Commun., vol. 9, pp. 2730-
2736, Sep. 2010.

[19] S. Zaidi and S. Affes, “Distributed collaborative beamforming
design for maximized throughput in interfered and scattered
environments,“ IEEE Trans. Commun., vol. 63, pp. 4905-4919,
Dec. 2015.

[20] S. Zaidi and S. Affes, “Distributed beamforming for wireless
sensor networks in local scattering environments* Proc. IEEE
VTC’2012-Fall, Qu’ebec City, Canada, Sep. 3-6, 2012.

[21] S. Zaidi and S. Affes, “Distributed collaborative beamforming in
the presence of angular scattering,” IEEE Trans. Commun., vol.
62, pp. 1668-1680, May 2014.

[22] S. Zaidi, B. Hmidet, and S. Affes, “Power-Constrained
Distributed Implementation of SNR-Optimal Collaborative
Beamforming in Highly-Scattered Environments,“ IEEE
wireless Commun. Lett., Vol. 4, pp. 457460, Oct. 2015.

[23] M. Bengtsson and B. Ottersten, “Low-complexity estimators for
distributed sources, IEEE Trans. Signal Process., vol. 48, pp.
2185-2194, Aug. 2000.

[24] M. Souden, S. Affes, and J. Benesty, “A two-stage approach to
estimate the angles of arrival and the angular spreads of locally
scattered sources,” IEEE Trans. Signal Process., vol. 56, pp.
1968-1983, May 2008.

[25] Y. Jing and H. Jafarkhani, “Network beamforming using relays
with perfect channel information, IEEE Trans. Inf. Theory, vol.
55, pp. 24992517, June 2009.

[26] Y. Zhao, R. Adve, and T. Lim, “Improving amplify-and-forward
relay networks: Optimal power allocation versus selection,
IEEE Trans. Wireless Commun., vol. 6, pp. 31143123, Aug.
2007.

[27] S. Affes and P. Mermelstein, “Adaptive space-time Processing
for wireless CDMA,* Chap. 10, pp. 283-321, in Adaptive Signal
Processing: Application to Real-World Problems, J. Benesty and
A. H. Huang, Eds., Springer, Berlin, Germany, Feb. 2003.

[28] A. V. Oppenheim, R. W. Schafer, and J. R. Buck, Discrete-Time
Signal Processing, 2nd edition Prentice Hall, New Jersey, USA,
1999.

[29] F. Bellili, S. B. Hassen, S. Affes, and A. Stephenne, “Cramer-
Rao lower bounds of DOA estimates from square QAM-
modulated signals,” IEEE Trans. Signal Process., vol. 59, pp.
1675-1685, June 2011.

[30] S. Zaidi and S. Affes, “SNR and throughput analysis of
distributed collaborative beamforming in locally-scattered
environments,” Invited Paper, Wiley Journal of Wireless
Commun. and Mobile Computing, vol. 12, pp. 1620-1633, 2012.

[31] M. K. Simon and M.-S. Alouini, Digital Communications over
Fading Channels, Wiley, New York, USA,




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Required"  settings for PDF Specification 4.01)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


