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Multiuser Beam Index Modulation Wireless Transmission with Analogue
Beamforming Networks
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Abstract: The multiuser scenarios using the recently proposed wireless communication scheme, namely beam index
modulation (BIM), are investigated in this paper. Both transmitter node and multiple receiver nodes are equipped with
analogue beamforming networks, transforming physical wireless propagation channels to virtue channels in beam domain.
Under the non-line-of-sight (nLoS) multi-scatterer channel conditions, which are likely the cases for some future wireless
communication systems operating at higher frequency bands, it is proved, both through simulations and experiment at 10
GHz in an indoor environment, that the proposed BIM is able to enhance the system performance at high signal-to-noise ratio
(SNR) scenarios, with regard to the sum spectral efficiency, with only a single radio frequency (RF) chain.
Keywords: Analogue beamforming, beam index modulation, index modulation, multiuser, spatial modulation, wireless
communications.

1. INTRODUCTION
Multiple-Input Multiple-Output (MIMO) is one of the
key enabling techniques for high-speed wireless data
transmissions [1]-[3]. It has been extensively adopted in
many modern wireless communication systems, such as 4G
LTE and latest IEEE 802.11. In current 5G development,
some higher frequency bands, such as 3.4-3.8 GHz and 2428 GHz, have been formally considered, as spectrum
resources at lower frequency regime become scarce. The
higher operation frequency permits tens or even hundreds of
antennas being packed in a small volume, leading to the
concept of massive MIMO [4]-[6]. With massive number of
antennas, the transmitters potentially have a great number of
degrees of freedom to achieve high gains for either data
multiplexing or beamforming. However, the challenges
associated with massive arrays are their prohibitive high
cost, complexity, and energy consumption if every antenna is
served by a separate radio frequency (RF) chain [7]. This
type of MIMO structure is commonly termed as full spatial
multiplexing MIMO (SMX-MIMO).
To tackle those problems associated with the massive
SMX-MIMO, many new MIMO variants have been
proposed and studied. One solution is hybrid
digital/analogue MIMO [8], also called beamspace
multiplexing [9] or beamspace MIMO [10], [11]. In general
cases, an analogue beamforming network, either constructed
using variable phase shifters [12] or beamforming lenses
[13], [14], transforms the physical MIMO channels into
virtue channels in beam space. Since the resulting MIMO
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beamspace channel matrices at high operation frequencies
are prone to be sparse due to huge pathloss associated with
reflected and refracted electromagnetic rays [15], the
required number of RF chains can be greatly reduced, which
equals the rank of the beamspace channel matrix. The
formed beams could also be used for location-aware
downlink channels, as presented in [16]. Another solution
leads to the concept named as spatial modulation (SM) [17],
as well as its variants, such as those in [18]-[22]. In standard
SM transmitters, at any given time, only one transmit
antenna in an array is activated. The information is conveyed
not only by the modulated RF carriers, the same as in
conventional wireless communication systems, but also
through the indices of the activated antenna in the array, on a
per transmitted symbol basis. In this single-RF-chain SM,
the system complexity and cost can be significantly reduced,
and the energy efficiency is improved, when compared with
the conventional SMX-MIMO systems, where multiple RF
chains are required. Furthermore, inter-channel interference
is eliminated as only one channel is activated. The SM
systems can operate efficiently in multipath-rich
environment as the channel impulse response associated with
each transmit antenna needs to be sufficiently different in
order for receivers to identify the selected transmit antenna
indices. However, as mentioned earlier in this paragraph, the
wireless propagation channels tend to be sparse in high
frequency regime, greatly limiting the SM for future wireless
communication systems.
When combining the above two solutions, i.e.,
beamspace MIMO and SM, a new MIMO concept has been
first proposed in [23], referring to beam index modulation
© 2014 Bentham Science Publishers
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(BIM). For single-user scenario, when compared with the
beamspace MIMO it further reduces the number of required
RF chains to one, and when compared with the SM it works
preferably in multipath-poor environment. Essentially, it
applies the index modulation principle [24], underpinning
the SM, upon the radiation beams created using analogue
beamforming networks connected to the antenna arrays. In
other words, the beamforming networks in the BIM
transmission scheme transform the antenna indices in SM
systems in spatial domain into the radiation beam indices in
BIM systems in beam domain. Thus, in BIM systems
information bits are conveyed not only through modulated
RF carriers, but also through the indices of the activated
radiation beams that are dynamically selected according to
the baseband data. Its bit error rate (BER) performance has
been simulated and the design guidelines have been
discussed in [25], again, for the single-user scenario. Since
the beamforming gains are available in the BIM systems, the
limited non-line-of-sight (nLoS) propagation rays in sparse
wireless communication channels can be exploited. It has
been shown in [23] that the BIM system outperforms the SM
and beamforming in nLoS sparse channel conditions in
single-user scenarios. In this paper, the work in [23] is
extended, for the first time, for multiuser applications.

The paper is organized as follows: Section 2 describes
the proposed multiuser BIM system architecture and the
associated system settings and assumptions. Its operational
principle, as well as those for the beamspace MIMO and the
beamforming, is also discussed. The mathematical
approaches of calculating system spectral efficiency are
presented in Section 3. Further, the experimental setup and
results are shown to validate the performance enhancement
brought by the proposed multiuser BIM systems in Section
4. Finally, the findings in this paper are concluded.

2. MULTIUSER BEAM INDEX MODULATION
In this section, we give the first description of the BIM
technique for multiuser applications which offers the benefit
of serving more than one user using the same time and
frequency resources with only a single RF chain at each
communication node. This is not possible in beamspace
MIMO and beamforming systems. Thus, this BIM technique
is particularly useful for low cost, low latency multiuser
communication systems.
In order to construct BIM systems, no matter single-user
or multiuser, the physical propagation channels have to be
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Fig. 1. Illustration of an example sparse channel that links a single transmitter and two receivers in beam domain.
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Fig. 2. Transmitter and receiver architecture in beamspace MIMO, single-beam beamforming, and the BIM systems.
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converted into virtue beamspace channels, which is achieved
by using beamforming networks at each communication
node. An example of sparse channel linking a single
transmitter and two receivers in beam domain is illustrated in
Fig. 1. This architecture is not exclusive for the BIM
systems, it is applicable to many different transmission
strategies, such as beamspace MIMO, beamforming, and the
proposed BIM, operating through beamspace channels.
Different transmission strategies have different structures
before, in the transmit node, and after, in the receive nodes,
the beamforming networks, see those in Fig. 2.
Before describing how the multiuser BIM systems, as
well as the other benchmark systems, work, the sparse
channel conditions have to be presented. As the example
shown in Fig. 1, it is assumed that a number of scatterer
clusters exist in-between the transmitter and multiple
receivers, acting as relays linking the transmit beams and
receive beams. In this example there are four beam pairs for
each of the two receivers. Importantly, signals projected
through some of the transmit beams, e.g., beams a and b in
Fig. 1, can reach both receivers through some scatterer
relays. These transmit beams are hereafter called shared
beams in this paper. The beamspace channel matrix for the
cth (c = 1, …, C) user is termed as Hc. Hc has a size of mc-bymc. Its (m, n)th entry represents the transmission coefficient
from the mth beam port at the transmit side to the nth beam
port at the cth receiver. Without loss of generality, the
coefficients of beam pairs with high gains are placed along
the diagonal trace. Hc has a sub-matrix H cK corresponding
to the shared beams. For the example shown in Fig. 1, C = 2,
mc = 4, and K = 2. That beam information, including beam
indices and gains, is assumed to be obtained in advance in
the beam training stage and shared among communication
nodes. The beam training strategies like time/beamsequential training [26] and multi-level training [27] can be
applied.
In the beamspace MIMO system, the shared transmit
beams are normally not selected for data transmission in
order to avoid severe cross-user interference, [10], [28]. To
implement the beamspace MIMO scheme, both single-user
and multiuser scenarios, multiple RF chains are required for
each communication node, seen in Fig. 2, e.g., four for the
transmitter node and two for each of the receiver nodes for
the example shown in Fig. 1. With the shared beam pairs
excluded, the conventional multiuser MIMO algorithms can
be applied [29].
In the single-RF-chain beamforming systems, for each
user only one beam pair with the highest gain is selected for
the data transmission. In order to use only one RF chain and
use the same frequency resource, the beamforming
transmitter has to serve different users alternately, namely in
time-division duplex (TDD) mode. Here, it does not matter if
the selected beam pairs are shared among different users or
not. Thus, taking the same example in Fig. 1, the first user is
XXX-XXX/14 $58.00+.00
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served through the beam pair with the highest gain among
the top four links, while the second user is served through
the beam pair with the highest gain among the bottom four
links.
Distinct to the beamspace MIMO and the beamforming
systems, the proposed multiuser BIM systems operate by
exploiting shared beam pairs. We know that the information
transferred in the BIM system comprise two parts. The first
part is through the modulated RF carriers and the second part
is through the indices of the activated beam pairs. When we
allocate these two parts to different users, the multiuser BIM
system is constructed. At the receiver sides, there are several
means to recover the transmitted information, such as the
maximum likelihood (ML) approach used in [30]. However,
this ML method requires multiple RF chains which
contradicts the major motivation of the BIM system. Thus,
the two-step method described in [23] is adopted. In the first
step the receivers recover the beam indices based on the
detected receive power at all possible beam ports, see the
power detector arrays in Fig. 2. Simple commercial available
power detectors can be used for this purpose. Then, if
required (meaning the receiver is assigned to receive data
modulated on RF carriers), it demodulates the RF signals
conveyed through the beam pairs identified in the first step.
In principle, it is possible to serve more than two users
simultaneous if multiple beam pairs are shared among all
users. However, such channel conditions are hardly met in
practice. In this paper, only two-user cases are discussed and
experimentally validated. More effective solutions for more
than two users are subject to future investigation.
Based on the operation principle described above, in the
next section the methods of calculating system spectral
efficiencies are derived, which enable illustrating the
benefits brought by the proposed multiuser BIM systems
through the measured beamspace channels in Section 4.

3. SPECTRAL EFFICIENCY CALCULATION
As we discussed in Section 2, the beamspace MIMO
requires multiple RF chains at both transmitter and receiver
sides, which significantly increase the system complexity
and cost. Therefore, this paper concerns only comparison
between the single-beam beamforming and the proposed
BIM strategies, since they require only one RF chain in each
communication node.
For fair comparison, the same transmit power PTx in both
beamforming and BIM systems are assumed, and only
additive white Gaussian noise (AWGN) is considered. It is
assumed that the noise presented at each beam port at
receiver sides is independent and follows CN(0, σ2). To
facilitate discussion, we define the SNRTx, in dB, as
SNRTx = 10∙log10(PTx/σ2).

© 2014 Bentham Science Publishers
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In the single-RF-chain beamforming systems, to serve
multiple users, TDD mode is used, and the resultant system
sum spectral efficiency is
C
P 

SEBF   qc log 2 1  uc Tx2 



c 1
C

  qc log 2 1  uc SNRTx  .

(2)

c 1

For comparison with the two-user BIM systems, only twouser scenarios are considered here, i.e., C = 2. qc in (2)
denotes the normalized time resource allocated to the cth
C

user,

q
c 1

c

of (4) corresponds to the information transmitted through the
correct beam pairs, while the second term reveals that even
when the receiver selects a wrong beam, i.e., j ≠ i, a certain
amount of transmitted information can still be recovered if
crosstalk among beam pairs exists, i.e., hijK ≠ 0.
For the second receiver which recovers the information
transferred through beam pair indices, the transmission can
be modelled as through a discrete input (transmit beam
indices) discrete output (receive beam indices) channel.
Therefore, the obtained spectral efficiency for the second
receiver can be computed as in [31]

 1 . In this paper, we assume equal time resource

allocation, i.e., qc = 1/C = ½. The quantity |uc| refers to the
path gain of the strongest propagation link in beam space
between the transmitter and the cth receiver, i.e., the largest
entry in the matrix Hc.
When adopting the BIM technique to serve multiple
users, the achievable performance is greatly dependent on
the beamspace channel conditions, e.g., how the beams are
shared among different users. As we discussed earlier in
Section 2, it is possible to serve more than 2 users
concurrently. In this paper, only the simplest, yet practical,
scenario is considered, i.e., serving a pair of users that share
more than one beam at any time instant. Under this
condition, the sum spectral efficiency of the BIM
communication system can be expressed as
SEBIM  SEBIM 1  SEBIM 2 .

(3)

SEBIM1 and SEBIM2 are the spectral efficiencies associated
with the information transferred through the modulated RF
carriers and the information conveyed through the
dynamically updated beam pair indices, respectively. To
facilitate the following mathematic expression, we denote
H 1K , the beamspace channel matrix associated with the
shared beam pairs for the first receiver, as HK, while H 2K for
the second receiver as GK. Thus, SEBIM1 can be expressed as
SEBIM 1 

1
K

1

K



K
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1
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1
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K
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i 1 j 1
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1
log 2  wij 
K


K

w
m 1

mj


 ,


(5)

where wxy, similar to pxy, is the probability associated with
the channel matrix GK between the transmitter and the
second receiver.
It needs to be pointed out that SEBIM1 in (4) can be
achieved only when the input signal of power PTx is complex
Gaussian distributed. As a consequence, when the signal is
projected through the ith transmit beam, the received signal
through the jth receive beam at the first (or second) receiver
vij

(or

zij)







2

2



CN 0, hijK PTx   2 ,

follows

(or

K
CN 0, gijK PTx   2 ). Here g ij is the (i, j)th entry of the

K

matrix G . In order to maintain low hardware complexity, as
we discussed in Section 2, only the power of the detected
signals at the beam ports at the receiver side is used for beam
indices detection. Thus, only |vij|2 (or |zij|2) are available.
Following the definition,



2

 vis

2



2

 zis

2

 s j
pij  p 
vij
 s[1, , K ]

 ,

(6)

 .

(7)

and
 s j
wij  p 
zij
 s[1, , K ]

Here ‘p[·]’ stands for the probability of the enclosed event,
and ‘∩’ denotes the joint of the events. pij and wij can be
obtained through Monte Carlo simulations. This can be
performed using MATLAB on standard personal computers,
and the computations take less than ten seconds. It is also






K

2
log 2 1  hiiK SNRTx 




SEBIM 2 

noted that

p
j 1



 p log 1  h K 2 SNR  ,
2
ij
Tx
 ij

j 1, j  i 

(4)

where hiiK (or hijK ) are the diagonal (or off-diagonal) entries
of HK. pxy represents the probability of the first receiver
selecting the yth receive beam when the xth transmit beam is
used for transmission. The first term on the right-hand side

ij

 1 and

K

w
j 1

ij

 1 . With these available, the

sum spectral efficiency of the BIM system can be obtained
via (3), (4), and (5). The difference between SEBIM1 and
SEBIM2 can be large, especially when SNRTx is high. Thus, in
order to serve two users fairly in a pair, SEBIM1 and SEBIM2
can be alternately assigned to different users. The system
performance, when the sum spectral efficiency (3) is used as
the figure of merit, remains unchanged, provided the channel
quality for each of the two users is identical.
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Comparing the multiuser systems (both beamforming and
BIM) described in this paper with the single-user systems in
[23], especially (2) to (7) here with (3) to (8) in [23], it can
be concluded that, when the system sum spectral efficiencies
are considered, the simulation results shown in Figs. 6(d),
7(b), and 8 in [23] are also applicable to the multiuser
scenarios. For example,

13 Beam Ports

13-element Patch Array

Transmitter

K
h22K  g 22
 10g /20 . Here Δg, in dB, is the gain difference

4. EXPERIMENTAL SETUP AND RESULTS
In this section, the beamspace channel measurements at
10 GHz for two receiver locations were conducted in an
indoor lab environment, where a number of clusters of
scatterers were present. The boresight of the transmitter and
the receiver arrays were not aligned, and LoS links were
blocked. To transform the physical wireless channels into
virtue channels in beam domain, the Fourier Rotman lenses
operating at 10 GHz with 13 beam ports and 13 array ports
were exploited, see design details and measured performance
in [32], [33]. The photographs of experimental setup are
shown in Fig. 3, and the power of each entry of the measured
13-by-13 beamspace channel matrices for the two users,
termed as Hr1 and Gr2, is plotted in Fig. 4.
When the single-user TDD multiuser beamforming
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Some general rules of selecting the beam pairs in
multiuser BIM systems are presented in Section 4 and are
used to assist the beam pair selection for a measured twouser channel matrix at 10 GHz in beam domain.

1

Δβ, in dB, defines beam crosstalk level. Here it is assumed
that beam crosstalk between different beam pairs is
identical. It can be concluded that the BIM system
performance is not sensitive to beam crosstalk as long as it
is greater than 3 dB.

Receive Beam Index j
4 5 6 7 8 9 10 11 12 13

 Fig. 8 in [23] also shows the multiuser (SEBIM ‒ SEBF)
when qc = ½, K = 2, |uc| = 1, and for each transmitter
receiver pair, hiiK  giiK  1 , and hijK  gijK  10 /20 (i ≠ j).

3

reveals that more number of ideal (no beam crosstalk)
beam pairs help enhance the performance advantage of the
BIM over the beamforming;

Fig. 3. Photographs of lab experimental setup.
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 1 , and h33K  h44K  g33K  g44
 10g /20 . It

Receiver 2

1

 Fig. 7 (b) in [23] also shows the multiuser (SEBIM ‒ SEBF)
when qc = ½, K = 4, |uc| = 1, and for each transmitter
h11K  h22K
receiver pair, hijK  g ijK  0 (i ≠ j),

13-by-13 Fourier
Rotman Lens

Receiver 1

 Fig. 6 (d) in [23] also shows the multiuser (SEBIM ‒ SEBF)
when qc = ½, K = 2, |uc| = 1, and for each transmitter
receiver pair, h12K  h21K  g12K  g 21K  0 , h11K  g11K  1 , and
between the selected two beam pairs. It is assumed to be
the same for two users. It reveals that for the two shared
beams with no beam crosstalk, i.e., the off-diagonal
entries of HK and GK are zero, the multiuser BIM system
outperforms the beamforming system when the system
signal-to-noise ratio (SNR) is high and the shared beams,
in terms of associated path gains, are not severely
unbalanced;

5

Fig. 4. Measured beamspace (a) hijr1 and (b) gijr1 in dB at 10
GHz when a transmitter and two receivers, each equipped with a
13-by-13 Fourier Rotman lens and a linear 13-element patch array,
were placed in an nLoS indoor environment.
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strategy is implemented, the strongest links associated with
each receiver should be selected. For the emulated two-user
scenario with the measured channel matrices illustrated in
Fig. 4, these are h93r1 and g 85r 2 , respectively, with their
values listed in Table 1. Using (2) the sum spectral
efficiency, in bit per channel use (bpcu), of this TDD
beamforming system can be calculated.
When the BIM strategy is considered, using the SEBIM in
(3) as the cost function, the optimal beam pairs for
transmissions can, in principle, be obtained through
population-based optimization algorithms, such as particle
swarm optimization (PSO) [34], [35]. In order to reduce the
computation complexity and the system communication
latency, in practice, near-optimal beam pairs can be selected
following some simple rules:
 for the user that recovers information conveyed through
beam indices, the diagonal entries of the channel matrix,
e.g., Gr2, with selected transmit and receive beam indices,
needs to be large, while the off-diagonal entries should be
small. This indicates that the beam crosstalk needs to be
small;
 for the receiver that recovers information applied upon RF
carriers, the diagonal entries of the channel matrix, with
selected transmit and receive beam indices, needs to be
large. While it is better to make the off-diagonal entries
large too, because, as we pointed out in the discussion
around (4) in Section 3, beam crosstalk among beam pairs
helps increase SEBIM1 in (4);
 The selected transmit beam indices for different users
need to be identical, i.e., shared beams among multiple
users.
Following the above guidelines, under the indoor
environment with the measured channel matrices shown in
Fig. 4, the beam indices for the two users are selected, and
their corresponding channel power matrices are listed in
Table 1. Here only two shared beam pairs are selected. The
Receiver 1 recovers information through the beam indices,
and the Receiver 2 recovers information through the detected
RF carriers. The resultant SEBIM1, SEBIM2, as well as SEBIM
and SEBF, are calculated and plotted in Fig. 5. In calculations,
r2
the path gain of the strongest link for all users, g 85 , is
normalized to 0 dB. As predicted, in this nLoS environment,
the BIM system outperform the beamforming counterpart in
high SNR region.

Fig. 5. Calculated spectral efficiencies of two-user beamforming
and BIM systems, based on the measured channel matrices shown
in Fig. 4. The strongest links for each user are selected for TDD
beamforming system, and two beam pairs, with selected transmit
and receive beam index pairs (i, j) labelled in the legends, are used
to construct BIM system.

r1
r2
Table 2. Measured hij and g ij in dB. Four beam pairs are
selected for each of two receivers in the BIM system.
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‒55.3

11
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‒57.3
‒61.8

1
‒77.1
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‒62.7
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‒63.3
‒60.2
‒63.6
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‒65.7
‒62.0
‒79.5
‒69.3

r1
r2
Table 1. Measured hij and g ij in dB. The strongest links are
selected for beamforming system and two beam pairs are selected
for each of the two receivers in the BIM system.

Receiver 1
20  log10 hijr1

8
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9

‒54.8

‒94.3
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‒71.9

‒55.7

(dB)
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‒59.0

2

‒65.7
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(‒53.4dB)

Fig. 6. Calculated spectral efficiencies of the two-user beamforming
and BIM systems, based on the measured channel matrices shown
in Fig. 4. The strongest links for each user are selected for the TDD
beamforming system, and four beam pairs, with selected transmit
and receive beam index pairs (i, j) labelled in the legends, are used
to construct BIM system.
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When more beam pairs are properly selected to construct
BIM systems, as expected, even higher BIM sum spectral
efficiency can be achieved, see Fig. 6. For this four-beampair example, the Receiver 1 recovers information through
the detected RF carriers, and the Receiver 2 recovers
information through beam indices. The selected beam
indices for each user and their channel power matrices are
provided in Table 2.
CONCLUSION
This paper presented, for the first time, the BIM systems
for multiuser applications. It exploited the shared beams,
which is generally avoided in conventional communication
systems such as beamspace MIMO. It benefits from the fact
that only one RF chain, which is most costly and power hungry
modules, is required. Compared with its single-RF-chain
counterpart, i.e., the single-beam TDD beamforming system, it
was illustrated in this paper, especially through the measured
indoor beamspace channel matrices at 10 GHz, that the
proposed multiuser BIM system performs better in high SNR
scenarios.
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