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Abstract. Spatial modulation (SM) is a special type of Massive MIMO
technology, which utilizes the index of transmit antenna to carry some
information bits. Recently, a novel spatial modulation called ABPM
appears, which uses the index of antenna beam pattern to carry some
information bits. When the receivers are located at the cross points of
all beam patterns, ABPM is better than traditional spatial modulation
in term of bit error rate (BER). However, the probability that receivers
located at the position above is low. Thus ABPM can not be widely used
in application. In order to solve this problem, this paper proposes a new
method of beam pattern modulation based on cosine function pattern
(M-CBPM), the scheme uses the Woodword-Lawson algorithm to calcu-
late the weighted vectors and is more suitable for mobile communication
scenarios. The results of theory analysis and simulation show that M-
CBPM is better than traditional spatial modulation in term of BER and
transmission rate.

Keywords: MIMO · Spatial modulation · Antenna beam pattern
modulation · Massive MIMO · M-CBPM

1 Introduction

Massive MIMO is a key technology of 5G, which covers many techniques in
application [1]. One of these techniques is spatial modulation (SM), which has
many advantages such as simple transmitter structure, low power consumption
with few activated RF chains [2,3]. Thus, spatial modulation gradually becomes
one of the technologies that attracts much attention in Massive MIMO area.
According to the number of activated antennas, spatial modulation is classified
into traditional SM and general SM, which activates one antenna and many
antennas respectively [4–6].

Recently, a novel SM called Antenna Beam Pattern Modulation (ABPM) is
proposed [7], which transmits a part of information bits by generating the pattern
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of antenna array. In the receiving part, the maximum likelihood(ML) algorithm
is used to recover the transmitted bits. The ML algorithm brings the best BER
performance to the receiver, but results in the highest computational complexity.
To tackle with this problem, [8] used lattice reduction and linear detection jointly.
This receiver structure reduces the computational complexity efficiently, at the
same time, achieving the same BER performance as ML algorithm.

In ABPM, there are a lot of available patterns of antenna array. If one receiver
lies in the non-intersection area among different patterns, it can not receive the
electromagnetic wave from certain patterns, which results in some not recognized
patterns in this receiver. To solve this intrinsic problem of ABPM, this paper
proposes a scheme based on cosine pattern of antenna array.

The contents of this paper are organized as follows. First, we introduce the
model of ABPM including transmitter, wireless channel and receiver. Second, we
propose modified cosine beam pattern modulation, which makes receivers can
identify each beam pattern anywhere. Third, we give numerical results of our
scheme to show each factor’s effect on BER and spectral efficiency. At last, the
conclusion is drawn.

Notation: AT, AH and a∗ represent the transpose, the conjugate transpose
and the conjugate respectively.

2 The Model of ABPM

The model of ABPM is shown in Fig. 1, which includes transmitter, wire-
less channel and receiver. At the transmitter, the input bit stream is divided
into many groups, each group includes k bits which can be expressed as b =
[ b1 b2 · · · bk ]. Next, we convert each bit-group into two parts by serial-to-parallel
conversion. The first m bits are divided into the first part, which are used to
select a weighted vector of transmit antenna by some mapping relationship. The
weighted vector can be expressed as w = {w1, w2, · · · wNt

}, where Nt is the num-
ber of transmit antennas. The next k − m bits are divided into the second part,
these bits are mapped to many points of constellation graph according to the
modulation type. The constellation point collection can be expressed as s. Then,
multiplying the selected weighted vector w by the selected constellation point
collection s, we can obtain the transmission vector x = w · s =

[
x1 x2 · · · xNt

]T

This vector will be transmitted to wireless channel described by a Nt × Nr

matrix H, whose arbitrary element Hi,j , i ∈ {1, 2, · · · Nt}, j ∈ {1, 2, · · · Nr} fol-
lows the i.i.d circular symmetry complex Gaussian distribution with CN (0, 1).
After transmission, the signal vector arriving at receiving antenna array can be
expressed as y = Hx + v, where v =

[
v1 v2 · · · vNr

]T is the additive white
Gaussian noise (AWGN) vector introduced by receiving antennas. The elements
of v follow the i.i.d complex Gaussian distribution with CN (

0, σ2
v

)
. Assuming

that the channel is quasi-static, that is, the elements of H do not change during
the transmission of b, and H in different transmission during are independent.
At the receiver, we use maximum likelihood (ML) algorithm to detect the trans-
mitted k bits from y.
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Fig. 1. The model of ABPM system.

In order to understand the principle of ABPM, we take a 2 × 2 MIMO system
as an example. Each group of bits b = [ b1 b2 b3 ] includes three information bits,
the first bit b1 is used to select a weighted vector w , the next two bits b2, b3 are
mapped to a constellation point of QPSK. The weighted vector w is determined
by

wH
1

[
a (120◦) a (60◦)

]H =
[
1 0

]T (1)

wH
2

[
a (60◦) a (120◦)

]H =
[
1 0

]T (2)

Where, a (120◦) =
[
1 e−j2πd cos(120◦)/λ

]
and a (60◦) =

[
1 e−j2πd cos(60◦)/λ

]
are

array response vectors at 120◦ and 60◦ respectively. When b1 = 0, the beam
pattern 1 is selected, the gain of this pattern at 120◦ is 1, and the gain at 60◦

is 0. When b1 = 1, the beam pattern 2 is selected, the gain of this pattern at
60◦ is 1, and the gain at 120◦ is 0. Generally, d is the distance between adjacent
antenna elements of array, which is equal to λ/2. λ is the wavelength. After
solving the w1 and w2, two beam patterns corresponding to them can be drawn
in Fig. 2. Obviously, there is large difference between two beam patterns. If the
receiver can discriminate them, it will recovery one bit information correctly.
However, if the receiver locates at the red point in Fig. 2, it can not receive the
signal carried by beam pattern 2. This is an intrinsic weak point of ABPM. In
this paper, our proposed scheme can solve this problem efficiently.

3 Modified Cosine Beam Pattern Method (M-CBPM)

Considering one cell in cellular network, where a base station is located in the
center of circular area and some user equipment are uniformly located near the
base station. First, in Fig. 3, we divide the circle into n sectors equally and
allocate different frequencies to different sectors. Thus, there are no interference
among different sectors. The base station has many antenna arrays, each of them
is allocated to one sector. The desired beam pattern is described by the following
cosine function.

p{ξ} : F (θ, ξ) = |cos [(Ω0 + ξ · Δω) (θ − α)]| , ξ = 1, 2, · · · 2m, θ ∈ [0, π]
Ω0 + 2m · Δω = Ωm

(3)

Where, α stands for the central angle of a sector, m represents the number
of bits used to select weighted vector, in other words, there are 2m weighted
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Fig. 2. Two beam patterns corresponding to w1 and w2. (Color figure online)

vectors available. Ωm is the maximum cosine angular frequency that can be syn-
thesized by Nt transmit antennas, it is equal to Nt/2π by spatial sampling theory
and determines the narrowest width of main lobe θmin =

(
2 arccos

(√
2
2

))
/Ωm.

Thus, the number of sectors n is equal to n = π/θmin. When m, Δω and Ωm are
fixed, as an additional angle frequency, Ω0 ensures Ω0 + 2mΔω = Ωm. Figure 4
is an example of cosine pattern with m = 3and α = π/2. By observing (3), we
can find that when Ωm is fixed, Δω determines the similar degree among beam
patterns, which reduces with the increase of Δω. So the receiver can identify
different patterns more easily and the system has a better BER performance.
It is worth noting that when Ωm is fixed, the increase of Δω also results in the
reduction of m, which means the reduction of number of information bits carried
by beam pattern.

Next, we will design the weighted vectors corresponding to the cosine beam
patterns. Obviously, we can not utilize method introduced in (1) and (2) to
calculate the weighted vectors. Here, we introduce Woodword-Lawson algorithm
[9] to calculate the weighted vectors from a desired cosine beam pattern. First,
we supply basic principle of this algorithm. Taking the central point of axis of
uniform linear array as a reference point, the response vector of a uniform linear
array can be written as

v(θ) =
[
ej(0− Nt−1

2 ) 2πd cos θ
λ ej(1− Nt−1

2 ) 2πd cos θ
λ · · ·

ej(Nt−2− Nt−1
2 ) 2πd cos θ

λ ej(Nt−1− Nt−1
2 ) 2πd cos θ

λ

]T (4)

Where, λ is the wavelength of electric-magnetic wave. Nt is the number of trans-
mit antennas, without loss of generality, we assume it is an odd. d is the distance
between adjacent antennas, generally speaking, d = λ/2. θ is the angle between
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Fig. 4. Beam pattern set with m = 3
and α = π/2.

direction of electric-magnetic wave and axis of array. Thus, the pattern of uni-
form linear array with N antenna elements can be written as

F (θ) = wHv(θ) =
Nt−1∑

n=0

w∗
nej(n− Nt−1

2 )π cos θ (5)

We use the following sampling function to fit the pattern of (5).

sin [Ntπ(cos θ − cos θm)/2]
N sin [π(cos θ − cos θm)/2]

, 0 ≤ θ ≤ π (6)

Where, θm denotes the m-th sampling angle, the sampling is uniformly, which
means cos θm+1 − cos θm = 2/Nt , ∀m ∈ {0, 1, 2, · · · Nt − 1}. Therefore, the
pattern in (5) can be rewritten as

F (θ) =
Nt−1∑

m=0

FD(θm)
sin [Ntπ(cos θ − cos θm)/2]
Nt sin [π(cos θ − cos θm)/2]

(7)

Where, FD(θm) stands for the discrete pattern value on sampling point θm.
Assuming that sampling points are symmetry about cos θ = 0. According to
the sampling criterion of space, which is similar to time-frequency one, sampling
interval equals 2/Nt in term of cos θ. So, the sampling angle must meet the
following condition.

cos θm =
2
Nt

(
m − Nt − 1

2

)
,m = 0, 1, · · · , Nt − 1 (8)
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Next, we derive the expression of weighted vector from (7) utilizing sinx =

(ejx − e−jx)/2j and
Nt−1∑

k=0

xk = 1−xN

1−x , we can rewrite (7) as

F (θ) =
Nt−1∑

m=0

FD(θm)
1
Nt

· ej
Nt
2 π(cos θ−cos θm) − e−j

Nt
2 π(cos θ−cos θm)

e−j π
2 (cos θ−cos θm) − e−j π

2 (cos θ−cos θm)

=
Nt−1∑

m=0

FD(θm)
1
Nt

· −e−j
Nt
2 π(cos θ−cos θm)

−e−j π
2 (cos θ−cos θm)

·
[
1 − ejNtπ(cos θ−cos θm)

1 − ejπ(cos θ−cos θm)

]

=
Nt−1∑

m=0

FD(θm)
1
Nt

· e−j
Nt−1

2 π(cos θ−cos θm) ·
Nt−1∑

k=0

ejkπ(cos θ−cos θm)

=
Nt−1∑

m=0

FD(θm)
1
Nt

·
Nt−1∑

k=0

ej(k− Nt−1
2 )π(cos θ−cos θm)

=
Nt−1∑

k=0

ej(k− Nt−1
2 )π cos θ

(
Nt−1∑

m=0

FD(θm)
1
Nt

· e−j(k− Nt−1
2 )π cos θm

)

(9)

Comparing (5) with (9), we can obtain the k-th element of weighted vector.

w∗
k =

1
Nt

Nt−1∑

m=0

FD(θm) · e−j(k− Nt−1
2 )π cos θm , k = 0, 1, · · · , Nt − 1 (10)

Now, we have derived the weighted vectors of general array pattern. Subse-
quently, we propose an algorithm to obtain the weighted vector based on cosine
beam pattern.

Algorithm 1. Weighted vector calculation Algorithm for M-CBPM
Input: The number of transmit antennas Nt.
Output: The weighted vector wH .

1: Substituting Nt into (8), and calculating the sampling point θm;
2: Calculating FD(θm) according to the desired pattern (3) and sampling point θm;
3: Substituting θm, Nt and FD(θm) into (7), and synthesizing actual pattern F (θ);
4: Substituting θm, Nt and FD(θm) into (10), and calculating the weighted vector

wH ;
5: return The weighted vector wH .

4 Performance Analysis of M-CBPM

First, we analyze the number of bits carried by weighted vectors in M-CBPM.
We have known Ω0 + 2mΔω = Ωm and Ωm = Nt/2π. Once Ωm and Δω are
determined, m can be maximized when Ω0 = 0. Thus, the weighted vectors can



A Novel Spatial Modulation Based on Cosine Function Pattern 411

carry log2(Ωm/Δω) bits. Second, we analyze the BER performance of M-CBPM
in theory. Without loss of generality, we select maximize likelihood(ML) to detect
the received signal. Considering there are innumerable pattern schemes, we only
analyze the up-bound of BER. Assuming that transmitter sends xm, and receiver
judge xm̂ by ML. The pairwise error probability (PEP) between xm and xm̂ can
be written as

P (xm → xm̂) = p
(
‖y − Hxm̂‖2 − ‖y − Hxm‖2 ≤ 0

)

= E

[

Q

(√
1

2σ2
v

∑

m

∑

m̂

‖H (xm − xm̂)‖2
)]

(11)

Utilizing the union-bounding technique given by [10], the union bound on
BER of M-CBPM can be written as

Pe,bit ≤ Exm

[
∑

m̂

N(m, m̂)P (xm → xm̂)

]

≤
L∑

m

L∑

m̂,m̂�=m

N(m, m̂)
kL

P (xm → xm̂) (12)

Where, k denotes the number of information bits carried by each transmitted
symbol of M-CBPM. L denotes the number of transmitted symbols of M-CBPM.
N(m, m̂) represents the number of different bits between xm and xm̂. Exm

stands
for the expectation on xm. According to [10], P (xm → xm̂) is given by

P (xm → xm̂) =

(
1 − 1

p

2

)Λ Λ−1∑

q=0

2−q

(
Λ − 1 + q

q

)(
1 +

1
p

)q

(13)

Where, p =
√

1 + 1/Esd2(m, m̂)/4Ntσ2
v , Es is the average energy of symbols of

M-CBPM, Λ = NtNr, σ2
v is the variance of AWGN, d(m, m̂) is the Euclidean

distance between xm and xm̂. Substituting (13) into (12) and deriving the up-
bound of BER of M-CBPM.

Pe,bit ≤
L∑

m

L∑

m̂,m̂ �=m

N(m, m̂)
kL

(
1 − 1

p

2

)Λ Λ−1∑

q=0

2−q

(
Λ − 1 + q

q

) (
1 +

1
p

)q

(14)

Observing the above expression of p, we find that p ≥ 1. If p = 1, the result
of (14) is zero. If p �= 1, the smaller p is benefit to the BER of M-CBPM. So it is
expected that the Euclidean distance between xm and xm̂ is as possible as large.
Next, we analyze the effect of Δω on the Euclidean distance between xm and xm̂.
Assuming xm = wmsm and xm̂ = wm̂sm̂. The event xm �= xm̂ happens when
any one of the following three conditions holds, which are wm = wm̂, sm �= sm̂,
wm �= wm̂, sm = sm̂ and wm �= wm̂, sm �= sm̂. Our analyses do not involve in any
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condition. For simplicity, assuming |sm|2 = |sm̂|2 = c. The squared Euclidean
distance between xm and xm̂ is written as

d
2
(m, m̂) = ‖wmsm − wm̂sm̂‖2

=

Nt∑

n=1

[
(wm,nsm − wm̂,nsm̂) · (wm,nsm − wm̂,nsm̂)

∗]

=

Nt∑

n=1

[
wm,nsmw

∗
m,ns

∗
m + wm̂,nsm̂w

∗
m̂,ns

∗
m̂ − (wm̂,nsm̂w

∗
m,ns

∗
m + wm,nsmw

∗
m̂,ns

∗
m̂)

]

=

Nt∑

n=1

[
|wm,n|2c + |wm̂,n|2c − (wm̂,nw

∗
m,nsm̂s

∗
m + wm,nw

∗
m̂,nsms

∗
m̂)

]

≥
Nt∑

n=1

[
c|wm,n|2 + c|wm̂,n|2 − c(wm̂,nw

∗
m,n + wm,nw

∗
m̂,n)

]

≥ c

Nt∑

n=1

‖wm,n − wm̂,n‖2

≥ c‖wm − wm̂‖2
= cd

2
(wm,wm̂) (15)

From (15), we can find that the Euclidean distance between xm and xm̂

depends on the Euclidean distance between wm and wm̂. According to the
expression of the weighted vectors in (10), we can rewrite the d(wm,wm̂) as

d(wm,wm̂) =

(
Nt∑

n=1

|wm,n − wm̂,n|2
) 1

2

=

⎛

⎜
⎝

Nt∑

n=1

⎛

⎜
⎝

Nt−1∑

h=0

(
(Fm(θh) − Fm̂(θh)) e−j(n− Nt−1

2 )π cos θh

)
·

(
(Fm(θh) − Fm̂(θh)) e−j(n− Nt−1

2 )π cos θh

)∗

⎞

⎟
⎠

⎞

⎟
⎠

1
2

(16)

Substitute (3) into Fm(θh) − Fm̂(θh) and obtain

Fm(θh) − Fm̂(θh) = cos [m · Δω(θh − α)] − cos [m̂ · Δω(θh − α)] , θh ∈ [0, π] (17)

From (3), we have known that the larger Δω is, the less the number
of weighted vectors available is. It means that the average distance between
m · Δω and m̂ · Δω becomes larger with the increase of Δω. Consequently,
Fm(θh) − Fm̂(θh) in (17) increases in average meaning, and d(wm,wm̂) in (16)
also increases.

5 Numerical Results

Due to Ωm = Nt/2π, the number of information bits carried by each M-CBPM
symbol is log2 [Nt/ (2πΔω)]. However, the number of information bits carried by
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each ABPM symbol is log2Nt. So the actual number of transmitted information
bits carried by M-CBPM symbol depends on Δω. In order to show the effect
of Δω clearly, the Fig. 5 is drawn, which shows the comparison of the results
of SM and M-CBPM with different Δω. By observing the fig, we can see that
once Δω ≥ 0.001, M-CBPM excels SM in term of the number of information
bits carried by each transmitted symbol. Whether it is SM or M-CBPM, the
number of information bits carried by each symbol increases with the number of
transmit antennas. Next, we show the effect of Δω on BER of M-CBPM.

Fig. 5. Under the condition of different Δω, the number of information bits carried by
each symbol varies with the number of transmit antennas.

First, we set the system parameters in the simulation and list them in Table 1.
The receiver uses maximize likelihood algorithm to detect the received signal,
and Fig. 6 shows the curves of BER with different m. By observing this fig, we
can find that when the SNR is low, m has little effect on BER. However, with
the increase of m, the number of information bits carried by each transmitted
symbol increases. Subsequently, the number of transmitted pattern increases,
which leads to the increase of transmit antennas according to the space sampling
theory. Therefore, there is a trade-off between the number of transmit antennas
and transmission rate. It is lucky that there are a very large number of transmit
antennas in massive MIMO system, which ensures both reliability and validity
of transmission.
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Table 1. System parameters in simulation.

Parameter of system Value

The number of transmit antennas Nt 25

The number of receive antennas Nr 5

Wavelength of the carrier 0.116 m

The distance between adjacent antennas in ULA 0.058 m

Ω 3

Δω 0.3

Fig. 6. The BER performance of M-CBPM with different m.

We have known that Δω has an effect on the Euclidean distance between
weighted vectors. The larger the Δω, the smaller the correlation between beam
patterns. Therefore, the receiver can distinguish different patterns more easily,
and the BER performance of the receiver can be improved. To validate the
conclusion above, we implement the simulation of BER on different Δω, the
simulation results are shown in Fig. 7. From this fig, we can see that the BER
performance of M-CBPM improves efficiently with the increase of Δω.

In order to show the effect of Woodword-Lawson algorithm, we give the beam
patterns with different Δω in Fig. 8. These patterns are synthesized by this
algorithm. Comparing this fig with Fig. 4, we find that the pattern synthesized
by Woodword-Lawson algorithm is close to the ideal pattern.

The simulations above are based on maximize likelihood algorithm, which
is known to have the best BER performance. However, the computational com-
plexity is the highest. In order to obtain the trade-off between the BER and com-
plexity, we implement the simulation about MMSE algorithm, and the results
of simulation are shown in Fig. 9.
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Fig. 7. The BER performance of M-CBPM with different Δω.

Fig. 8. The pattern synthesized by Woodword-Lawson algorithm with different Δω.

By observing this fig, we can find that although ML is better than MMSE in
term of BER, as SNR increase, the BER performance of MMSE with different
Nr will gradually improve, especially for the larger Nr. If the requirement for
the BER of the receiver is not high, the MMSE algorithm with a large number
of receive antennas is a suitable choice.
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Fig. 9. The BER performance of M-CBPM with MMSE algorithm.

6 Conclusion

Theoretical analysis and simulation results show that our proposed M-CBPM
is superior to traditional spatial modulation in term of BER and transmission
rate. Moreover, compared with ABPM, this scheme overcomes the defect that
the signal can not be received in some zero lobe directions, so it is more suitable
for cellular system. It is worth noting that due to the limitation of the number
of antennas in current base station, M-CBPM cannot work efficiently. However,
with the prevalence of 5G network, more and more base stations will deploy
massive MIMO. Then, by virtual of a large number of antennas available, we
can choose a smaller Δω to improve the BER and transmission rate of M-CBPM,
and choose a low-complexity algorithm to detect the received signal. Therefore,
M-CBPM must have some potential applications in base stations equipped with
massive MIMO.
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