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Abstract—The increasing mobile data trafﬁc requires network coverage expansion and rate enhancement. However, this
demands more power and results in environmental pollution.
As a solution, directional modulation can be used to provide
efﬁcient and interference-free communications. In this work, we
geometrically model the extended detection regions of M -QAM
modulation for M = 4, 8, 16, 32 and use these modeled regions to
design energy efﬁcient symbol-level precoders for an interferencefree MIMO directional modulation transceiver. We formulate and
transform the precoder design problems into linearly constrained
quadratic programming optimization problems. The simulation
results show that compared with the benchmark schemes, directional modulation results in lower power consumption and symbol
error rate using the less stringent extended detection regions and
interference-free capability, respectively.
Keywords—Directional modulation, energy efﬁciency, M -QAM
modulation, extended detection region, symbol-level precoding.

I.

I NTRODUCTION

According to Cisco [1], mobile data trafﬁc will increase
eight-fold from 2015 to 2020. The extreme growth of video
content and availability of mobile devices are the most important elements contributing to this growth. Orthogonal frequency division multiplexing access and time division multiplexing access [2], [3] are used to utilize the frequency and
time resources to improve the rate of data communication.
A multiple-input multiple-output (MIMO) system provides
additional spatial degrees of freedom, though this comes at
the cost of interference that appears among the transmitted
streams. To better use the spatial freedom, a MIMO transceiver
needs to deal with the inter-stream interference via pre/postprocessing techniques. As a more advanced approach to enhance the communications, preprocessing at the transmitter is
applied to use the spatial dimension in multiple-antenna transmitters [4], [5]. Recently, there has been interest in directional
modulation [6]–[9] and constructive interference [10]–[13]
techniques which can initiate interference-free or interferencelimited communications in a MIMO system. In the directional
modulation, the antenna weights are designed such that the
radio frequency signals get modulated after passing through the
channel and result in the desired symbol at the desired antenna.
In directional modulation, it is possible to design the precoder
such that the communicated symbol is exactly the desired
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symbol or it is close to the desired symbol [9]. The former
case can be translated into interference-free and the latter case
can be translated into communication with interference among
the data streams.
Apart from data demand, mobile communications consumes a large amount of energy and has a considerable share in
environmental pollution [14]. Reducing the energy consumed
in the radio access networks is not only environmental friendly,
but also decreases the communications cost of both the operators and users. The researches in [9]–[11], [15], [16] study
the relaxed design in constructive interference and directional
modulation to improve the energy efﬁciency at the transmitter.
In this work, we use the concept of directional modulation
to jointly address the data rate and energy efﬁciency issue of
mobile communications. The works of [9]–[11], [15], [16] focus on M -PSK precoder design and [13] designs the constructive interference precoder for M -QAM when M = 16, however, there is no work on designing the directional modulation
precoder for M -QAM with M = 4, 8, 16, 32, while utilizing
the extended detection regions of these constellations. To ﬁll
this gap, we design an energy efﬁcient symbol-level precoder
for an M -QAM directional modulation MIMO transceiver.
In addition, we propose compact geometrical characterization
for the extended detection regions of the mentioned M QAM modulations where the minimum Euclidean distance
between the symbols is kept as in the conventional M -QAM
constellation, which can be translated into interference-free
communication. In this design, each symbol is placed in the
optimal location of the constellation, hence, less power is
consumed to communicate in a speciﬁc rate. This means that
the available power can be used to communicate with a higher
rate.
The remainder of this paper is organized as follows. In
Section II, the signal model is introduced. In Section III, the
extended detection regions of various M -QAM modulations
are geometrically characterized, and then the precoder design
problem is formulated and transformed into a standard form.
In Section IV, we present simulation results by comparing the
proposed method with the benchmark schemes. Finally, we
draw the conclusions in Section V.
Notation: Upper-case and lower-case bold-faced letters are
used to denote matrices and column vectors, respectively. The
superscripts (·)T , (·)∗ , and (·)H represent transpose, conjugate,
and Hermitian operators, respectively. IN ×N denotes an N by
N identity matrix, a◦b is the element-wise Hadamard product,
a◦n is the element-wise Hadamard power, 0 is the all zero
vector, 1 is the all unit vector,  ·  is the Frobenius norm, | · |
represents the absolute value of a scalar, and Card (·) shows
the number of elements in a set. Re (·), Im (·), and arg (·)
represent the real part, imaginary part, and angle of a complex
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number, respectively.
S IGNAL AND S YSTEM M ODEL

II.

In our model, a single-carrier directional modulation transmitter equipped with Nt antennas, denoted by T , communicates with a receiver having Nr antennas, denoted by R, using
M -QAM modulation where M = 4, 8, 16, 32. The received
signal, y, at R is
y = Hw + n,

(1)

the received signals
where y is an Nr × 1 vector denoting
T
by R, H = h1 , ..., hn , ..., hNr
is an Nr × Nt matrix
denoting the channel from T to R, hn is an Nt × 1 vector
containing the channel coefﬁcients from the transmitter antennas to the n-th antenna of R, and w is the transmit vector
containing the antenna weights. The random variable n ∼
CN (0, σ 2 INr ×Nr ) denotes the additive white Gaussian noise
at R, where CN denotes a complex and circularly symmetric
random variable. In directional
modulation, the elements of







Hw = s1 , ..., sn , ..., sNr

T

are the induced M -QAM sym

bols on the antennas of R where sn is the induced M -QAM
symbol on the n-th antenna of R, s = s1 , ..., sn , ..., sNr
are the M -QAM symbols to be communicated between T and
R. For each modulation, the power of the symbols is divided
by the average symbol power, e.g., 10 wat for 16-QAM, of
the corresponding modulation to have statistically
unit

 average
2
power for the communicated symbols, i.e., E |si | = 1. R
can apply conventional detectors on each antenna to detect the
symbols. In the next section, we design the optimal precoders
for the mentioned M -QAM constellations.
III.

C HARACTERIZATION OF E XTENDED D ETECTION
R EGIONS AND O PTIMAL P RECODER D ESIGN

In this section, ﬁrst, we geometrically characterize the
extended detection regions for M -QAM modulation where
M = 4, 8, 16, 32. Then, we use the characterized regions to
formulate and design the corresponding optimal directional
modulation precoders for the mentioned modulation orders.
A. Characterization of the Freedom Regions
In this part, we derive analytical expressions to concisely
characterize the extended detection regions, deﬁned by solid
regions and dashed lines, of the M -QAM constellations shown
in Fig. 1. To begin, we divide each constellation into multiple
sets, as illustrated in Figures 1(a) to 1(d), and model the
extended detection region for each set of symbols.
1) The case of M = 4: Assume that sn is a symbol
which we need to communicate with the receiver. The extended
detection region of the symbol in the ﬁrst quadrant, sn ∈ s14 ,
of 4-QAM constellation in Fig. 1(a) can be modeled as
 √

 √

Re hTn w ≥ γRe (sn ) , Im hTn w ≥ γIm (sn ) , (2)
where γ = 10SN R/10 is the minimum required ampliﬁcation
power for the induced symbol and SN R shows the minimum
required signal to noise ratio in dB at the corresponding
receiving antenna. The deﬁned extended detection regions
in (2) cannot be used in other constellation quadrants since

satisfying the ampliﬁcation level for negative values of real
or/and imaginary parts of sn changes the direction of the
inequalities. To solve this, both sides of the inequalities in (2)
can be multiplied by Re (sn ) and Im (sn ) to make both
sides positive. Note that this does not change the direction of
inequalities
 since Re
 (sn ) and Im (sn ) have the same sign as

Re hTn w and Im hTn w , respectively, at the optimal point of
precoder design. Hence, the extended detection region for any
4-QAM symbol of Fig. 1(a), sn ∈ s14 , can be characterized
using the following expression
 √

Re (sn ) Re hTn w ≥ γRe2 (sn ) ,
 T  √
Im (sn ) Im hn w ≥ γIm2 (sn ) .
(3)
2) The case of M = 8: The extended detection regions for
the symbols sn ∈ s18 can be characterized in the same way as
in (3). The extended detection region for the upper and lower
symbols of sn ∈ s2 can be respectively modeled using the
following expressions
 √

 √

Re hTn w = γRe (sn ) , Im hTn w ≥ γIm (sn ) , (4)

 √

 √
Re hTn w = γRe (sn ) , Im hTn w ≤ γIm (sn ) . (5)
The characterizations of s2 in (4) and (5) can be mixed to get
a uniﬁed expression as
 √

√
Re hTn w = γRe (sn ), Im (sn ) Im (hn w)≥ γIm2 (sn ) .
(6)
3) The case of M = 16: For sn ∈ s116 of 16-QAM
constellation in Fig. 1(c), the extended detection region can
be modeled the same as in (3). Also, the extended detection
region for the symbols sn ∈ s2 can be modeled in the same
way as (6). The extended detection region for the right and
left hand symbols of sn ∈ s3 can be modeled as

 √

 √
Re hTn w ≥ γRe (sn ) , Im hTn w = γIm (sn ) , (7)

 √

 √
Re hTn w ≤ γRe (sn ) , Im hTn w = γIm (sn ) , (8)
which can be compressed into

 √

 √
Re (sn )Re hTn w ≥ γRe2 (sn ) , Im hTn w = γIm (sn ) .
(9)
In the case sn ∈ s4 , the symbols needs to be modeled as
ﬁxed points using (10) in order to keep the standard Euclidean
distance to neighborhood symbols.
 √

 √

Re hTn w = γRe (sn ) , Im hTn w = γIm (sn ) . (10)
4) The case of M = 32: The extended detection regions
of the symbols sn ∈ s2 , sn ∈ s3 and sn ∈ s4 can be
modeled using the expressions developed in (6), (9), and (10),
respectively. To model the extended detection regions for the
symbols in the sets s5 and s6 of Fig. 1(d), ﬁrst, we model
the extended detection regions for the symbols sn ∈ s5 and
sn ∈ s6 in the ﬁrst quadratic and then rotate the symbols of
other quadrants into the ﬁrst quadrant to apply the deﬁned
extended detection region in the ﬁrst quadrant on them. The
extended detection regions for the symbols sn ∈ s5 and
sn ∈ s6 of the ﬁrst quadrant can be geometrically modeled
using the following expressions




√
√
(11)
3 γ ≤ Im hTn w ≤ Re hTn w − 2 γ,
 T 
 T 
 T 
√
√
Re hn w + 2 γ ≤ Im hn w , Re hn w ≥ 3 γ. (12)
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(a) Extended detection regions for 4-QAM (b) Extended detection regions for 8-QAM (c) Extended detection regions for 16- (d) Extended detection regions for 32constellation.
constellation.
QAM constellation.
QAM constellation.

Fig. 1: Characterization of relaxed detection regions for M -QAM constellations. The numbers show the decimal equivalent of
the gray code for each symbol. The extended detection regions are shown by dashed lines and solid regions for M = 4, 8, 16, 32.

Now, we multiply the symbols sn ∈ s5 and sn ∈ s6 by eiϕn5
and eiϕn6 , respectively, so that they rotate into the extended
detection regions of the ﬁrst quadrant deﬁned in (11) and (12).
Here, ϕn5 is the phase difference between s0 of Fig. 1(d)
and sn ∈ s6 , and ϕn6 is the phase difference between s00 of
Fig. 1(d) and sn ∈ s6 .
B. Optimal Precoder Design
In this section, we use the characterized extended detection
regions in Section III-A to formulate and design the optimal
M -QAM MIMO directional modulation precoders when M =
4, 8, 16, 32.
The optimal precoder design for 4-QAM is formulated as
2

min w
w

 
 
√
s.t. Re sn1 Re hTn1 w ≥ γRe2 sn1 , sn1 ∈ s14

 
 
√
Im sn1 Im hTn1 w ≥ γIm2 sn1 .
(13)
We can cast the optimal precoder design for 8-QAM as
min w

2

w

s.t. Ω1 (sn1 ) , sn1 ∈ s18

 
√
Re hTn2 w = γRe sn2 , sn2 ∈ s2
 
 √

 
Im sn2 Im hn2 w ≥ γIm2 sn2 .

2

min w
w

s.t. Ω2 (sn2 ) , sn2 ∈ s2
Ω3 (sn3 ) , sn3 ∈ s3
Ω4 (sn4 ) , sn4 ∈ s4


√
√
3 γ≤Im hTn5 w ≤Re hTn5 w −2 γ, sn5 ∈ s5


√
Re hTn6 w + 2 γ ≤ Im hTn6 w , sn6 ∈ s6

√
Re hTn6 w ≥ 3 γ,

(16a)
(16b)
(16c)
(16d)
(16e)
(16f)

where hTn5 = hTn5 eiϕn5 , hTn6 = hTn6 eiϕn6 , Ω3 (sn3 ) represents the constraint (15c) and (15d), Ω4 (sn4 ) represents the
constraints (15e) and (15f). Here, we proceed with transforming (16) into a standard form. A similar approach can be
applied to the design problems in (13) to (15). To simplify (16),
ﬁrst, we stack the constraints of (16) as
2

(14a)

min w

(14b)

s.t. Re (H2 w) = sre2 , Im (S2 ) Im (H2 w) ≥ s◦2
im2 , (17a)

(14c)

where Ω1 (sn1 ) represents the constraints of design problem (13). Next, we can formulate the optimal precoder design
problem for 16-QAM as follows:
2

min w
w

s.t. Ω1 (sn1 ) , sn1 ∈ s116
Ω2 (sn2 ) , sn2 ∈ s2

 
 
√
Re sn3 Re hTn3 w ≥ γRe2 sn3 , sn3 ∈ s3

 
√
Im hTn3 w = γIm sn3 .

 
√
Re hTn4 w = γRe sn4 , sn4 ∈ s4

 
√
Im hTn4 w = γIm sn4 .

where Ω2 (sn2 ) represents the constraints (14b) and (14c).
Finally, the optimal precoder design problem for 32-QAM is
deﬁned as

(15a)
(15b)

w

Re (S3 ) Re (H3 w) ≥ s◦2
re3 , Im (H3 w) = sim3 , (17b)

Re (H4 w) = sre4 , Im (H4 w) = sim4 .


3 × 15 ≤ Im H5 w ≤ Re H5 w − 2 × 15 ,


Re H6 w + 2 × 16 ≤ Im H6 w ,

Re H6 w ≥ 3 × 16 ,

(17c)
(17d)
(17e)
(17f)

(15e)

where srej and simj are the vectors that respectively stack the
real and imaginary parts of the symbols snj ∈ sj multiplied
√
by √γ, 1j is a Card(sj ) × 1 vector with elements multiplied
by γ, and Sj is a diagonal matrix with diagonal entries as
snj ∈ sj . Next, we proceed to remove the real and imaginary
parts from (17). Similar as in [9], we have

(15f)

Re (Hj w) = Hja w, Im (Hj w) = Hjb w,

(15c)
(15d)

(18)
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  T
 T
where w
=
Re w , Im wT
, Hja
=
[Re (Hj ) , −Im (Hj )], Hjb = [Im (Hj ) , Re (Hj )], and
2
2
w = w . Using (18), we can reformulate (17) as
2

min w

The optimal linear precoding design problem is [18]
min

w1 ,...,wNr

Nr


2

wi  s.t.

i=1

j=k

w

s.t. H2a w = sre2 , Im (S2 ) H2b w ≥ s◦2
im2 ,

(19a)

Re (S3 ) H3a w ≥ s◦2
re3 , H3b w = sim3 ,

(19b)

H4a w = sre4 , H4b w = sim4 ,

(19c)

3 × 15 ≤ H5b w ≤ H5a w − 2 × 15 ,

(19d)

H6a w + 2 × 16 ≤ H6b w, H6a w ≥ 3 × 16 ,

(19e)

Stacking the constraints of (19) yields
min w
w

2

s.t. Aw ≥ a, Bw = b,

(20)

where
⎛
⎜
⎜
⎜
A=⎜
⎜
⎜
⎝
⎛
⎜
B=⎝

Nr


|hTk wk |

⎞
Im (S2 ) H2b
Re (S3 ) H3a ⎟
⎟
H5a − H5b ⎟
⎟,
⎟
H5b
⎟
H6b − H6a ⎠
H6a
⎞
⎛
H2a
H3b ⎟
⎜
, b=⎝
H4a ⎠
H4b

⎛
⎜
⎜
⎜
a=⎜
⎜
⎝

s◦2
im2
s◦2
re3
2 × 15
3 × 15
2 × 16
3 × 16

⎞
sre2
sim3 ⎟
.
sre4 ⎠
sim4

⎞
⎟
⎟
⎟
⎟,
⎟
⎠

(21)

As we see, (20) is a linearly constraint quadratic optimization
problem, which is convex and can be solved using standard
optimization techniques.
IV.

S IMULATION R ESULTS

In this section, we demonstrate the performance of the
proposed method and compare it with the benchmark schemes.
As the performance metrics, we use the average power consumption and symbol error rate (SER) over multiple designed
precoders and channel realizations. In all simulations, channels
are considered to be quasi static block Rayleigh fading, which
are generated using i.i.d. complex Gaussian random variables
with distribution CN (0, 1) and remain ﬁxed during the communication of a group of Nr M -QAM symbols. Also, the noise
is generated using i.i.d. complex Gaussian random variables
with distribution CN (0, σ 2 ). We use the acronyms “DM” and
“Opt LP” in the legend of the ﬁgures instead of the terms
“directional modulation” and “optimal linear precoding”. Here,
we assume that adaptive coding and modulation is used, hence,
each modulation order is used in a speciﬁc SNR range. First,
we mention the two benchmark schemes and then proceed with
the simulation scenarios.
We consider zero-forcing (ZF) at the transmitter [17] and
optimal linear precoding [18] as benchmark schemes since
both of them use the CSI knowledge at the transmitter to
combat interference. The received signal at
R in ZF scheme is
−1
is the precoding
y = HWs + n where W = HH HHH
vector and vector s contains the symbols to be transmitted.

hTj wj

2

+

≥γ, k = 1, ..., Nr .
σj2

For the ﬁrst scenario, we measure the transmitter’s consumed
power versus Nt for the proposed and benchmark schemes,
shown in Fig. 2. It is observed that the proposed designs
consume considerably less power than ZF and optimal linear
precoding benchmark schemes. This difference increases as
the modulation order decreases. For example, 4-QAM and 8QAM schemes almost consume 6 dB and 5 dB lower power
compared to optimal linear precoding when Nt = Nr = 10.
This is due to the fact that in contrast to the benchmark,
directional modulation places each symbol in the optimal
location of the constellation. Particularly, 4-QAM has the
most difference in power consumption with the benchmark
scheme since all the 4-QAM constellation points have extended
detection regions.
In the second scenario, we measure the average SER versus
the minimum required SNR at the receiver for the proposed
and benchmark schemes in Fig. 3. Note that the transmission
power of the benchmark schemes does not depend on the
modulation order since the precoder depends only on the
channel and the average transmit power of the symbols is unit.
First, we see that the proposed scheme provides lower SER
compared to ZF in relatively low SNR regimes, particularly
for M = 4, 8. The reason is that though both the proposed
scheme and ZF result in interference-free communication, due
to optimal symbol-level design, the SNR of the communicated
symbol in the proposed scheme can go above the minimum
required value, especially for Nt = Nr . Second, the difference
between the SER of the proposed method and the optimal
linear precoding increases as the SNR goes higher. This is
due to the fact that the communication using optimal linear
precoding results in interference and as SNR increases, the
effect of interference increases. On the other hand, directional
modulation using the extended detection regions with standard
Euclidean distance results in interference-free communication.
By comparing Figures 2 and 3 for Nt = Nr , it is seen
that the proposed scheme results in both power reduction at
the transmitter and SER reduction at the receiver. These gains
come at the price of higher complexity requirement at the
transmitter to design the precoder for each group of symbols.
V.

C ONCLUSIONS

In this work, the extended detection regions of M -QAM
modulation for M = 4, 8, 16, 32 were geometrically modeled
and these models were used to design the optimal symbol-level
precoder for a MIMO directional modulation transmitter to
communicate interference-free M -QAM symbols. In contrast
to the conventional ZF and optimal linear precoding benchmark schemes, it was observed that directional modulation
consumes less power at the transmitter. Also, it results in lower
SER at the receiver compared to the benchmark schemes due to
interference-free communication capability and the possibility
to induce symbols with a SNR higher than the required
threshold. Directional modulation provides power and SER
reduction since it places the symbols in the optimal location
of the extended detection region of each constellation.
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(a) SNR = 10 dB.













(b) SNR = 20 dB.

Fig. 2: Average total consumed power with respect to Nt for the proposed M-QAM directional modulation precoding and the
benchmark schemes when Nr = 10.
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Fig. 3: Average SER with respect to the required SNR at
the receiver for the proposed M -QAM directional modulation
precoding and the benchmark schemes when Nt = Nr = 10.
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