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Abstract—A novel orthogonal transmission based receiver-end
distributed beamforming (DBF) scheme, Rx-DBF is proposed, for
information transfer without receiver feedback. It is proven to
achieve near-perfect DBF gain and is channel fading agnostic.
Exploiting the correlation in beamformed output, a sporadic
receiver feedback scheme is also introduced, which prolongs the
duration of DBF gain to aid information or power transfer. The
proposed schemes are demonstrated to be more energy efficient
compared to the closest competitive approaches in the literature.

Index Terms—Distributed beamforming (DBF), fading chan-
nel, phase synchronization, orthogonal transmissions

I. INTRODUCTION

Distributed beamforming (DBF) involves collaboration
among N independent wireless transmitter nodes for upto
N? times signal-to-noise ratio (SNR) gain at the receiver as
compared to a single transmitter. This requires synchronization
among the transmitter signals in time, frequency, and phase,
without which, the average SNR gain is limited to N due
to random constructive and destructive interference. Phase
synchronization in DBF is quite challenging. Unlike classical
beamforming, here each transmitter has its own local oscillator
(LO) with random phase offset. Also, fading channels be-
tween transmitters and receiver introduce dynamic phase offset
among received signals. The challenge is aggravated when
participating nodes are energy constrained, as frequent sig-
naling among them for synchronization is infeasible. Further,
receiver may have limited transmission capability; so reliance
on receiver feedback for synchronization needs to be reduced
in such wireless charging or data communication applications.

A. Related works and motivation

The existing phase synchronization techniques which can
be classified as transmitter-centric and receiver-centric require
significant overhead. Many transmitter-centric approaches (
[1]-[6]) rely on receiver feedback. [1] needs at least 5N
iterations to achieve 75% of ideal beamforming gain with each
iteration having N +1 transmissions and receiver feedback.
Continuous coordination among transmitters is required in
[2] for inter-node ranging, whereas [3] requires additional
hardware. While [5], [6] need N transmissions and feed-
back, the sequential approach in [4] requires M N slots for
convergence and N feedback from receiver with M >4 for

S. Sachdev is with Center for Development of Telematics, New Delhi, and
the Department of Electrical Engineering, IIT Delhi, New Delhi, India (e-
mail: smriti.sachdev @ee.iitd.ac.in). S. De is with the Department of Electrical
Engineering and Bharti School of Telecommunication, IIT Delhi, New Delhi,
India (e-mail: swadesd @ee.iitd.ac.in).

Orthogonal Resource
Block for Transmitter N

Orthogonal Resource
Block for Transmitter 1

ne -
Message =) Receiver
et —
= R
R o J o
oT Processing o
. stage D
T 2 % Phase corrections B
% o
Set of a;s
g CoF
Fading Channel, h; = a;e/® BF Gain

Collaborating Transmitters

Broadcast a;s to transmitters for

pt foodh h

p ic receiver k

Fig. 1: Distributed beamforming network.

high beamforming gain. Receiver-centric methods are limited
in number. [7] requires more than 50 retransmissions for 3
transmitters; increasing exponentially with N. [8] requires
N? transmissions and has unstable gain in fading environ-
ments. Moreover, [7], [8] do not offer appreciable energy
gain. The transmitter-centric methods have large overhead, as
they correct phase at the transmitters instead of the receiver
where synchronization is finally required; this also necessitates
receiver feedback. Hence, a receiver-end method would be
more suitable. Further, many methods involve all transmitters
simultaneously to quickly synchronize, whereas, it would be
more energy efficient to correct phase of each signal indi-
vidually. To this end, this letter proposes a novel scheme for
receiver-end DBF phase synchronization based on orthogonal
transmissions. The proposed approach isolates the collaborat-
ing transmitters’ signals using orthogonal transmissions and
yet achieves coherent addition of signals at the receiver.

B. Contributions and significance

The key contributions are: (1) An efficient Rx-DBF is
proposed for phase synchronization using one transmission per
transmitter and no receiver feedback. Mathematical analysis
and simulations show that it achieves near-perfect and fading
agnostic beamforming gain. (2) A sporadic receiver feedback
based extension is presented for sustained beamforming over
extended periods by tracking beamformed output; increased
gains are quantified via analysis and simulations. The proposed
methods would be impactful in energy efficient collaborative
wireless information or power transfer, especially for energy-
constrained nodes and when receiver feedback is difficult.

II. PROPOSED RECEIVER-END DBF METHODS
A. System model

Fig. 1 shows the system model with NV collaborating trans-
mitters and a target receiver, each with a single antenna and



placed at an unknown location. The objective is to transfer
data or power to the receiver via DBF, to achieve SNR gain
by N?Z; for this phase synchronization is critical. There are
multiple sources of phase de-synchronization among transmit-
ter signals: ¢; ~ U[—m, ) is the initial phase offset of the
transmitters’ independent LOs. 6; is the phase shift by channel
h; = a;e?% between transmitter ¢ and receiver. Timing and
frequency synchronization of the transmitters are done through
out-of-band channel. Depending on the stage of the proposed
DBF methods, the transmitters transmit in either orthogonal
mode or phase synchronous mode. In orthogonal mode, each
transmitter uses mutually exclusive orthogonal resources as
shown in Fig. 1. Then the receiver computes phase corrections,
and Rx-DBF achieves beamforming without receiver feedback.
In the sporadic receiver feedback based extension, the phase
corrections are notified to the transmitters. The transmitters
then use phase synchronous mode with simultaneous trans-
missions to achieve direct beamforming at the receiver for ex-
tended duration. These methods are detailed in the subsequent
subsection. The efficacy of the proposed phase synchronization
is analyzed in terms of normalized beamforming gain (G),
i.e., the ratio of the realized beamformed power and the ideal
beamformed power. Let P; be the received power from the ¢th
transmitter and P, be the beamformedppower generated by the

proposed algorithm. Then, G = N, VP

B. Proposed Rx-DBF method

The motivation for Rx-DBF is to use a single correction for
a transmitted signal’s accumulated phase error at the receiver,
instead of individually extracting and correcting phase errors
from different sources. The algorithm comprises of two stages
(cf. Fig. 2): orthogonal transmission (OT) stage when receiver
collects transmitters’ signals via orthogonal transmissions,
and beamforming (BF) stage when receiver computes phase
corrections and applies them to the corresponding received
signals to generate beamformed output. These stages can be
repeated cyclically as required. The stages are detailed below:

1) OT stage: In this stage, the transmitters send the
common message signal orthogonally, using TDMA, FDMA,
OFDMA, CDMA, or other orthogonal resources. Total N or-
thogonal transmissions are required, one from each transmitter.
Thus, the proposed phase synchronization scheme does not
require communication overhead as compared to conventional
peer-to-peer communications. Further, the information transfer
does not need to be preceded by pilot signals. Transmission
matrix is shown in (1), where the rows represent the transmit-
ters and columns represent the orthogonal resources:

1 0 ... 0
01 ... 0
A
In=1|. . . .| =In (D
0 0 ... 1

These orthogonal signals are distinguishable at the receiver as
ri(t) = R{hipie?*™eit} = R{a; Aje?* et T30 (2)

where p; = A;e?? is the complex low-pass equivalent signal
and f,, is the carrier frequency. Here, the received baseband

N orthogonal transmissions

time
—>
OT stage BF OT stage BF 1 ...
stage stage
Fig. 2: Rx-DBF: OT stage followed by BF stage.
Tre time

o [~ o |~

o[ 2 oo | ©
oT g = Beamformed oT g = Beamformed e
stage | § transmission stage | . § transmission

m | a2l o

Fig. 3: Prolonged beamformed transmission in sporadic feedback.

signal of ith transmitter is §; = e/(?+%) 1 < < N.q; and
A; have been considered to be unity for simplicity, as they do
not have any impact on the phase synchronization process.

2) BF stage: In this stage, each of the transmitters’ signal is
pairwise beamformed with an arbitrary reference signal 59 =
e%0 at the receiver to find an optimal required phase shift ;
for the signal from transmitter ¢, 1 < ¢ < N. Mathematically,
the optimal phase shift is given by «; = ¢g — (¢; + ;). The
challenge in finding optimal value of «;s is non-trivial as the
phase error cannot be determined unless measured explicitly.
To this end, the following algorithmic method is used:

The ith transmitter’s signal is shifted by all possible values
from 0 to 27 radians with a selected step size of § radians and
added to the reference signal. That «; is considered optimum
which results in the maximum combined signal strength, i.e.,

a; = argmaz |50 + 5;/%| = argmax Ci(z). (3

With these optimal phase shifts, all the received signals
from the transmitters are added together at the receiver after
applying the corresponding computed optimal phase shifts to
get the beamformed signal, as shown in (4).

N N
S = Z §e7v = Z el (Pit0itai) 4)
i=1 i=1

C. Sporadic receiver feedback scheme

The Rx-DBF achieves beamforming gain with reduced
inter-node interaction to conserve energy. However, appli-
cations such as wireless power transfer require continuous
DBF for appreciable energy gains. Rx-DBF does not cater
to this scenario as during OT stage, there is no gain. In this
section, a sporadic receiver feedback scheme is proposed for
appreciable energy gains by providing sustained beamformed
gains. It works as follows: After the proposed Rx-DBF is
executed to obtain the optimum phase shifts, the receiver
feeds back the computed optimum phase shifts to the trans-
mitters in one broadcast transmission as shown in Fig. 3. The
transmitters then proceed to transmit in phase synchronous
mode (instead of orthogonal mode) after pre-applying their
corresponding phase corrections. As a result, the phase errors
are compensated at the transmitter itself and beamforming is
directly achieved at the receiver. This is termed as beamformed
transmission stage and can be continued for sustained beam-
forming without repeating OT stage or phase computations.
Note that, this scheme assumes the channel coherence time
is larger than the duration of the phase alignment process.



Further, when FDMA or OFDMA is employed in the OT
stage, channel coherence bandwidth is considered to be larger
than the range of frequencies involved. This enables the phase
shifts computed in OT stage to be applied in the beamformed
transmission stage.

Over time, due to channel dynamics, the earlier calculated
phase shifts become non-optimal and beamforming gain re-
duces; the duration, depends on the mobility environment.
When beamforming gain reduces below an acceptable thresh-
old (at time 17, ), OT stage is re-initiated to recalculate opti-
mum phase shifts at the receiver as per the prevailing channel
conditions. This is followed by the BF stage and feedback,
and beamformed transmission is resumed till the gain remains
above the acceptable threshold. Thus, the sporadic receiver
feedback based scheme dynamically tracks the beamformed
output to maximize the duration of beamformed transmission.

III. PERFORMANCE ANALYSIS

In this section we analytically capture the achievable beam-
forming gains with the proposed DBF strategies.

A. Analysis of Rx-DBF performance

Let x; be the phase error of ¢th transmitter’s signal in
alignment with ¢( after Rx-DBF is executed. Then, the final
phase of 4th transmitter’s signal is ®; = ¢; +6;+; = po+x;.

1) Average gain, G,: With the phase alignment error,
normalized output power Py of Rx-DBF is expressed as

N 2 N 2 N 2
Z eI Pi Z eJ(dotzi) Z eITi

i=1 i=1 i=1

Using Proposition 2 in [9], expected beamformed power is

E[P] = N x E[Py] = N [1+ (N —1)(E[cosz;])*] . (6)

NPN: = =

®)

By Taylor series expansion of cos z and omitting higher order
terms, E[P] is expressed in terms of variance Var(z;) when
probability density function of z; is symmetric about zero:

(V)2 —Var(xi)ﬂ G

In the proposed Rx-DBF algorithm, the distribution of x; is

. . . . . 2 .
restricted in [—2, 2]. Hence, Var(z;) is limited to % in the
worst case irrespective of the distribution of x;. Therefore, the

lower bound of average beamforming gain is obtained as

1+(N=1)(1+& -2
](\f 64 4 ) (8)

Remark 1: From (8) it is apparent that the average beam-
forming gain G4 depends only on step size § and IV, not on
the channel phase shift 6;. Hence G 4 is fading agnostic.

2) Worst case gain, Gy : In (5), |z;| cannot be greater than
% as ¢ is the step size. Thus, finding worst case beamformed
power leads to the following minimization problem:
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where f(x) = (val cos mi) + (val sinxi> .
Using slack variables s; and ¢; in the constraints,

b )
54@-755:07 §+xi—tf:0 Vie{l,---,N}. (10)

Forming the corresponding Lagrangian L,

N 2 N 2
L= (Z cos mz> + (Z sinxi>
i=1 i=1
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where A1y, Aoy > 0 Vi € {l,---,N} are the Lagrange
multipliers. Differentiation with respect to z;, s;, and ¢; give

N N
QZ COS X, sin Jci—ZZ sinxg cosx;+A1;,—Ag; =0, (12)

k=1 k=1
From (10) and (13), we have the following possibilities: For

s;i 20, A\;; = 0, we have z; = g -2 < g, whereas if s; = 0,

A1i # 0, we have x; = g. For t; # 0, Ao; = 0, we have

= =2 +t22 > —2 whereas if t; = 0, Ay # 0, we have

2’
T; = —%. Based on this, we can have three cases, Case 1:
x; = %, Case 2: x; = —%, and, Case 3: —§ < x; < % when

A1; = Ag; = 0. Placing Case 3 in (12) and solving, we have

ZN .
i SN T

Ji COS Tk

tanx; = VN > 2. (14)
However, for N = 2, we have tanx; = tanxzs. The only
solution to satisfy (C1) is x1 = xo, but it maximizes (P1)
by aligning all signals. Hence, we consider only Cases 1 and
2, ie., || = § Vi € {1,---,N} for minimizing (P1). For
the worst case, the individual sign of each z; needs to be
ascertained. To this end, a secondary optimization problem
(P2) is defined based on the results of (P1), as

) 512

P2) : min neis + (N — n)e_]g
(C2):0<n<N;neZ.

This is a mixed-integer programming problem and is NP-hard.
So, linear programming (LP) relaxation technique is used to
remove the integer constraint on n and then optimal solution
is investigated. Rewriting objective function in (P2) as g(n),

(15)
S. t.

212
_i8 i 2
e 7’2 |n636+N—n|

= (N +n(cosd —1))* + n?sin®6.  (16)

g(n) =

Taking derivative of g(n) and solving, we have n = & This
value of N satisfies (C2) when N is even. For odd values
of N, rounding off to the nearest integer values (as per LP
relaxation) we get n = % orn = % Further, from the
second derivative, ¢"(n) = (cosd — 1)% 4 sin®d > 0, the

minimizing nature of the solution is confirmed.

Hence, the condition for the occurrence of worst case
beamforming gain Gy can be summarized as follows: When



N is even, x; = 2 for ¥ number of phase errors z;} and
2 2

T; = —% for the rest % number of phase errors. When N is
odd, the worst case beamforming gain can occur under two
circumstances; if z; = g for % number of values of {z;}
and other +L values are z; = fg, OR if % number of
values of {z;} are  and other &= values of {z;} are —$.
Thus, the expressions for Gy are derived as follows:

1) N is even

THNY | o _is|?
6.72 _l’_e ]2+...+e]2 +e J3

Gw, = NE
N 512
& X 2cos 3 )
= 7’ 2 N2 2 = cos® 3 17)
2) N is odd
‘ej%+€—jg+...+€j§+e—j%+.,,+eij%
Gw, = IE
512
[V -neosg et ey
= N2 = cos 5—&— Nz (18)

Remark 2: Thus, it is notable that the worst case beamform-
ing gain Gy depends only on step size d; Gy is independent
of channel phase shift 6;, hence it is channel fading agnostic.

B. Performance with sporadic receiver feedback

Here, the total gain in the beamformed transmission stage
is evaluated. To estimate the duration of beamformed trans-
mission stage, a model is proposed for the combined received
signal from multiple transmitters in DBF by comparing it with
the combined reception of multipath components (MPC) from
a single transmitter over a narrowband fading channel.

The combined signal at the receiver in DBF is given by

N
rppr(t) = Zaiu(t)ej(%fct+wi(t)). (19)
i=1
Here a; is the amplitude, f. is the carrier frequency, u(t) is
the complex low-pass equivalent of the transmitted signal, and
1); is the phase which varies due to fading.

On the other hand, combined received signal in a multipath

fading channel can be expressed as

M
TmMPC (t) - Z b'mu(t - T?n)ej(QﬂfC(t_Tm)+me (t)) (20)
m=1

where there are M resolvable multipath components with
amplitude b,,,, delay 7,,, and ¢p_ (t) = 27 fp, t is the Doppler
phase shift for Doppler frequency fp._ .

rape(t) of (20) and rppr(t) of (19) can be shown to have
similar structure under the following justifiable assumptions:
(a) The different MPC reach the receiver almost simultane-
ously due to small delay spread (7,,, = 0) of the narrowband
fading channel. Similarly, the signals from the collaborating
transmitters in DBF arrive at the same time at the receiver due
to timing synchronization. (b) Non-dominance of LOS signal
in MPC. This is a reasonable assumption in DBF where the
transmitters are large distance away from the receiver such that
none of the transmitter signals are dominant over the others.

By these assumptions, the expression for 7, pc () becomes
M
ryupe(t) = Zbmu(t)ej(%fct"'%fDmt).
m=1
The similarity of (21) and (19) is evident. Thus, the effect of
number of MPC from one transmitter to a receiver is analogous
to receiving from multiple independent transmitters in DBF.
Accordingly, the well-known results of multipath channels
are applied to the current DBF problem. In multipath fad-
ing, envelope of rj;pc is Rayleigh [10]. By comparison,
the envelope of the beamformed output in DBF is also
Rayleigh distributed. Let us apply some additional analogies.
(1) Doppler phase shift of a MPC is considered independent of
its amplitude. Likewise in DBF, amplitude and phase are inde-
pendent. (2) Phase shifts between two MPCs are independent.
Likewise, phase shifts on two different transmitter signals in
DBF are considered independent. Then, using Clarke’s model
[11], auto-correlation function of the beamformed output is
given by: Rpp(t) = PoJo(2nfpT) where Py = %[GQ]
A simple Markov chain model for Rayleigh channel [12] is
applied to the beamformed output in DBF:

’I“DBF(t) = J0(27Tth)’I“DBF(t0) ++1— Jo(??Tth)Qa (22)
where € ~ CN(0,1), t > to, rppr(to) = N (ideal), because
at the start of beamformed transmission stage, transmitter
phase shifts are optimal.

Let Ay, be a given threshold of beamformed amplitude
that is required for meeting the application needs. The beam-
formed transmission stage ends when |rppr(t)| = Awm, ie.,
Ay = ’NJO(ZW Fot) + /1 — Jo(2n th)%‘. To derive the
mean threshold crossing time interval Tr¢, consider ¢ =
ex + jey where ex,ey ~ N(0,0.5) so that

Aun = [N To(2 fot) + /T = To@rfotl(ex + jev )|

2n

1— Jo(2 fpt)%ex)”
+(1 = Jo(27 fpt)*)ed.

Applying the expectation operator on both sides of (23),

A}y =(1=Jo(2n fpTrc)*) (EleX )+ E[ey )+ N2 Jo (27 fp Trc)?
+ 2N Jo(27 fpTre)\/1 — Jo(rfpTrc)2Elex]. (24)

Using power series approximation of Bessel function of first
kind and zeroth order, and neglecting the higher order terms

An? fR T Af, — 1
J()(Qﬂ'fDTTc) =1- 4 = ]\;2 1 . (25)

Solving for Tr¢ and using fp = v/A

TTC: (1 —

Aj -1 A1
N2 -1 T

Having derived the duration of beamformed transmission
stage, total gain over the interval of mean threshold crossing
time is evaluated for the feedback scheme versus the Rx-DBF
algorithm. Taking slot duration = %, where k is some integer,
the number of slots in mean threshold crossing time is: Ny¢c =
% Therefore, total gain over Tr¢ in the feedback scheme

or, A7, = (NJo(2m fpt) + (23)

(26)
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is the average gain over Ny¢ slots, given by Gy, = %
multiplied by the number of slots, i.e.,
Gain(with feedback) = G, - Nrc. 27

In comparison, without feedback, using TDMA based OT,
beamformed output is obtained in every (N + 1) slot due to
repeated OT stage. Hence, the total gain in this case is

GNTC
(N+1)
Remark 3: Hence, using sporadic feedback, beamforming

gain is increased by NV times with respect to without feedback.

Gain(without feedback) = - Nrc. (28)

IV. RESULTS AND DISCUSSION

We now present the performance results of the proposed
DBF schemes and compare with the closest competitive ap-
proaches in literature. Common system parameters considered
in numerical and simulation studies are f. = 915 MHz,
0 = 0.1 rad and slot size T's = 100 us (packet size 20 Bytes
and data rate 1.6 Mbps). Other parameters are stated along
with the discussion of individual performance results.

Fig. 4a shows the average as well as worst case beamform-
ing gains with the proposed Rx-DBF. It is observed that near-
perfect average beamforming gain is obtained irrespective of
the number of transmitters N. It can also be seen that the
plot of analytical lower bound of the average gain in (8) has
a maximum deviation of < 0.2% with respect to simulation
results. The fading agnostic nature of the average and worst
case beamforming gains, analytically captured respectively in
(8), (17), and (18), are confirmed by the simulation results
which do not show variation with varying Rician-K factor
which signifies severity of fading. The increasing trend of
worst case in the simulation is due to decreasing probability
of hitting the worst case when N increases. Further, Fig. 4b
shows that Rx-DBF is also robust under fast fading channel,
whereas the nearest competitive strategy in [8] shows large
variation in beamforming gain. We have also observed that ¢
up to ~ 0.2 radians achieves near-perfect beamforming gain.

Fig. 4c shows a significant increase in beamforming gain
by using sporadic feedback. A good match of the analytical
results with the simulations verify correctness of the analysis.

To compare energy efficiency of the proposed Rx-DBF and
sporadic receiver feedback based enhancement with the most
competitive works without and with feedback respectively, the
total communication energy spent in DBF is plotted in Fig.
4d. Here, the transmission and reception energy requirements

of CC1310 wireless MCU are used. As observed, energy
consumption of the proposed methods are much lower than
the competitive non-feedback [8] and feedback [4] schemes.

V. CONCLUSION

In this work, an energy efficient Rx-DBF technique for
phase synchronization has been presented that avoids any
interaction among the participating nodes to conserve energy.
Mathematical analysis and simulations have shown that it
achieves near-perfect beamforming gain and is channel fading
agnostic. A sporadic receiver feedback scheme has also been
proposed that exploits temporal correlation of beamformed
output to achieve extended gain without repeated orthogonal
transmissions and processing at receiver. The beamforming
gains with feedback have been analytically quantified. The
proposed methods have been shown to be more energy efficient
compared to the closest competitive approaches.
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