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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.  

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 I 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.  

 

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: C1) 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.  

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.  

 

II. SYSTEM MODEL 
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III. DISTRIBUTED COLLABORATIVE 
BEAMFORMING (DCB) DESIGNS 
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IV. SIMULATION RESULTS 
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V.  CONCLUSION 

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