
Received 14 March 2023, accepted 23 May 2023, date of publication 31 May 2023, date of current version 8 June 2023.

Digital Object Identifier 10.1109/ACCESS.2023.3281755

A Novel Constellation Modification Method for
Harmonic Modulated MPSK Data Transmission
in Millimeter Wave Communication
ÖZGÜN ERSOY 1, MURAT CAN KARAKOÇ 1,2, AND ASAF BEHZAT ŞAHİN1
1Department of Electrical and Electronics Engineering, Ankara Yıldırım Beyazıt University (AYBU), Etlik, 06010 Ankara, Turkey
2Department of Electrical and Electronics Engineering, Erzurum Technical University, Yakutiye, 25050 Erzurum, Turkey

Corresponding author: Özgün Ersoy (ozgun.ersoy@ybu.edu.tr)

This work was supported in part by the Ankara Yıldırım Beyazıt University Scientific Research Projects Coordination Unit under Grant
FDK-2022-2387, and in part by the Scientific and Technological Research Council of Turkey (TUBITAK) under Grant 122E409.

ABSTRACT The size of the data transmitted in communication systems is constantly increasing and
leads to the need for high bandwidth. Therefore, using the millimeter wave (mmWave) band is one of the
best solutions in data transmission. Frequency multiplication via nonlinear components is used for signal
generation at higher frequencies in the millimeter to submillimeter bands and it is of great importance in
generating signals up to 2.2 THz. Although communication systems with the highest carrier frequency using
these components are available at the 300 GHz-340 GHz, standard communication models do not comply
with data transmission at this band, bringing problems caused by nonlinearity throughout data recovery.
We solve these problems with the proposed constellation modification method, which has not been studied
before. In this study, it is aimed to provide data transmission in the mmWave band with an experimental
communication system that is compatible with the frequency multiplication and has high spectral efficiency.
For the first time to our knowledge, a novel constellationmodificationmethod that can bemodified according
to the frequency multiplication on the standard M-ary phase shift keying (MPSK) data is proposed. In this
method, the existing receiver structure is preserved and MPSK with harmonic modulation is carried. In the
experimental demonstration part, harmonic binary shift keying (BPSK) data transmission via frequency
multiplied 30 GHz transmitter was achieved with a power penalty of 2.3 dB, and this shows that MPSK
data transmission over harmonic mmWave or submillimeter band sources is now possible.

INDEX TERMS Constellation modification, harmonic modulation, mmWave communication, MPSK.

I. INTRODUCTION
Millimeter Wave (mmWave) spectrum allows for high data
rates compared to lower frequency bands and is therefore
considered for Fifth Generation (5G) wireless networks and
beyond Fifth Generation (B5G). Moreover, it is anticipated
that mmWave frequencies will have a key role in Sixth
Generation (6G) wireless systems due to the huge available
bandwidth of many tens of GHz [1]. As there is a
great demand for more efficient and reliable usage of
spectrum in 5G networks, many broadcast systems adopt the
mmWave spectrum to make up for the shortage of spectrum
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resources [2], [3]. Thus, the huge available bandwidth offered
by the mmWave band can provide the rates of multiple
gigabit per second per user [2]. Despite the significant
downsides of mmWave signals, such as limited coverage,
signal blockages by obstacles, and severe signal attenuation
caused by short wavelengths, it appears that the frequency
band utilized to deliver high data rate traffic will inevitably
be shifted to mmWave or even sub-terahertz (sub-THz)
frequency bands [4], [5], [6]. Consequently, studies have
been conducted on the mmWave band [7]. In our earlier
research in which we investigated the effects of frequency
upconversion through harmonic frequency multiplication on
the transmitted digital data pulse shape and data rate in
the mmWave band, we demonstrated that through pulse
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shaping the transmitted data eye diagram signal to noise
ratio (SNR) can be improved by 3 dB or data rate can be
increased by 20% [8]. We conducted a separate research
on the implementation of the faster than Nyquist (FTN)
transmission method together with harmonic receiver, which
aims to achieve high data rates with spectral efficiency in the
terahertz communication band. As a result of the comparison
of normal modulation with harmonic modulation, it is shown
that the use of harmonic receiver enhances the system
performance [9].

When the studies are examined in the literature, it can
be observed that channel measurement, signal quality,
transmission rate, and transmission coverage measurements
are made at different frequencies in the mmWave spectrum.
For example, a three-dimensional (3D) spatial statistical
channel model for the mmWave and sub-THz frequencies
was created based on measurements made in the line-of-sight
(LOS) and non-line-of-sight (NLOS) scenarios in an indoor
office building at 28 GHz and 140 GHz [1]. Moreover, pene-
tration loss measurements were made for different materials
at 28 GHz, 39 GHz, 120 GHz and 144 GHz, respectively [10].
Additionally, for the 5G systems, a channel sounding
campaign at 70 GHz in an outdoor scenario is presented for
broadband analysis of the multipath propagation channel in
time-varying environments in the mmWave band [11]. In the
indoor environment, Vector Network Analyzer (VNA) based
channel sounding at 306 GHz and 321 GHz frequency was
studied [12]. In this direction, channel sounding methods
used in mmWave and THz bands are explained in [13].
After the studies in which channel properties were measured
and analyzed in varying conditions, the signal quality and
transmission coverage area of the 40 GHz mmWave band
were examined in the indoor environment [3]. It can be seen
from existing studies that direct signal generation near the
THz band is not possible as there are no amplifiers and
active balanced mixers in this frequency range [12], [14]. For
this reason, signal generation in the THz band can only be
achieved using frequency multiplier or frequency multiplier
chain. In this way, obtaining a signal in the THz band by
generating the harmonics of the input signal is accomplished
with nonlinear devices such as Schottky diodes [15]. As an
example, the carrier frequency was produced at 81 GHz
with the x12 frequency multiplier chain starting from the
6.75 GHz carrier frequency in [11] and x12 frequency
multiplier chain was employed in order to generate 140 GHz
carrier frequency [1]. To obtain 301 GHz and 321 GHz
carrier frequencies in an indoor channel sounding setup,
x24 and x27 frequency multiplier chains were utilized [12].
E-band mmWave propagation is studied on the link over sea,
where the distance between transmitter and receiver is 12 km
and 74 GHz carrier frequency was achieved using the x6
multiplier chain [16]. In another study in the E-band, the
carrier frequency was upconverted to 78 GHz using the x8
multiplier chain [17]. Although frequency multiplier chains
are utilized to generate signal for the mmWave and beyond in

many studies, 60 GHz transmitter and receiver structures are
available in the market [18], [19], [20], [21].

The signal generation in the mmWave band is provided by
using frequencymultiplier chains, however, various problems
arise in data transmission due to nonlinear effects when
standard communication models are used. For this reason,
instead of providing data transmission at the desired operating
frequency with an upconversion process using the local
oscillator (LO) multiplier chain, which is applied in the
studies in the literature, we applied harmonic modulation,
which provides data transmission at the desired operating
frequency by generating the harmonics of the modulated
signal. Commercially available high frequency (>100 GHz)
transmitters are usually based on frequency multipliers in
which only On-Off modulation is employed since it is not
affected by the nonlinear nature of harmonic operation.
In this study it is shown that BPSK or MPSK modulation
of harmonic multiplier based transmitters is possible thanks
to the proposed constellation modification method. Since
harmonic modulation is applied, a novel constellation
modification method that can be modified according to the
frequency multiplication technique on the standard MPSK
data is used and providing data transmission in the mmWave
band with an experimental communication system that is
suitable for the frequency multiplication technique is aimed.
The Universal Serial Radio Peripheral (USRP) is used
while conducting our study experimentally for this purpose.
USRP is a type of software defined radio (SDR) used in
many areas from FM radio to mmWave 5G and beyond
applications [22], [23], [24]. All signal processing methods
in a wireless communication system are carried out with
software which runs on a hardware on the SDR easily.
A wireless communication system in a specified frequency
range and channel bandwidth provided by the hardware
is designed on the software and is implemented on the
hardware in the SDR without difficulty. Accordingly, the
26-28 GHz mmWave platform presented for trial in SDR
and the motivation of this setup have enabled the mmWave
trial with a relatively simple system setup [25]. In addition
to this, mmWave testbed was constructed using 60 GHz
Tx/Rx RF front ends [18], USRP N210 and USRP N310
models [26], [27]. Also, the channel sounding was performed
simultaneously at 3.2 GHz, 34.3 GHz, and 62.35 GHz
using USRP to obtain the time-variant channel transfer
function, and the carrier signals were obtained using x2
and x4 frequency multipliers from the 14.5 GHz LO signal,
respectively [28]. In line with these studies, using the
proposed novel constellation modification method, MPSK
data transmission with harmonic modulation at 30 GHz has
been experimentally realized.

The rest of the paper is organized as follows. In Section II,
the proposed methodology for the modified MPSK data
transmission in accordance with harmonic modulation in the
mmWave band is discussed and analysis of the average BER
performance for harmonic modulated MPSK in the presence
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FIGURE 1. Block diagram of frequency multiplier.

of phase noise is performed. In Section III, the system
model of experimental setups using USRP, and the real time
mmWave testbeds are described, and in Section IV, the
test outputs are discussed. Finally, in Section V conclusions
inferred and future studies are given.

II. PROPOSED METHODOLOGY
A. HARMONIC MODULATION
In the mmWave communication systems, modulation, pulse
shaping, and filtering are first done in lower frequency bands,
then carried to higher frequency bands. In the frequency
multiplication method, a system with nonlinear response
produces the harmonics of the input signal and after filtering
the desired multiplier coefficient is obtained. To achieve this
goal, whereas active frequency multipliers such as nonlinear
transistors and amplifiers are utilized in the RF band,
Schottky diode based passive frequency multiplier structures
are used for the mmWave and beyond because of their
efficiency. Schottky Diode based components are employed
either to upconvert these active components to THz band or to
downconvert THz signals to lower frequencies. The nonlinear
characteristics of Schottky diodes allow for conversion
of the incident signal and multiplying its frequency. The
nonlinearity of Schottky diodes can be used for generating
harmonics of the incident signal. Thus, exact multiple
harmonics of the incident signal can be obtained at the output
of the nonlinear circuit. The harmonic modulation broadens
the spectrum and power spreads to higher frequencies. Fig. 1
shows a block diagram of the frequency multiplier. The
frequency multiplication is realized using nonlinear current-
voltage (I-V) and capacitance-voltage (C-V) characteristics.
The charge-voltage (Q-V) characteristic of Schottky diode
can be defined in terms of power series [29].

Q (V (t)) = A0 + A1V (t) + A2V (t)2 + A3V (t)3 + . . . (1)

Taking the derivative of (1), current equation can be
derived.

I (t) =
dQ(t)
dt

= [A1 + 2A2V (t) + 3A3V (t)2 + . . .]
dV (t)
dt

(2)

In (1) and (2) A0, A1, A2, and A3 represent the
coefficients of power series expansion. When the incident
signal is a sinusoidal one, it can be observed that current
and voltage equations are formed of its harmonics. The
harmonic modulation in communication systems is called as
generation of the harmonics of the modulated signal derived
from (1) and (2).

If the modulated signal is mathematically expressed
by s (t) = m (t) .Ac.cos (2π fct + θc), then the harmonic
modulated signal is written by

SHar .Mod (t) = m (t) .Ac.cos (2π fct + θc)

+ [m (t) .Ac.cos (2π fct + θc)]2

+ [m (t) .Ac.cos (2π fct + θc)]3

= m (t) .Ac.cos (2π fct + θc)

+
A2c .m

2 (t)
2

(1 + cos (2.2π fct + 2θc))

+
A3c .m

3 (t)
4

(3.cos (2π fct + θc))

+
A3c .m

3(t)
4

(cos(3.2π fct + 3θc)) (3)

which can be simplified as

SHar .Mod (t) =
A2c .m

2 (t)
2

+

(
m (t) .Ac +

3A3c .m
3(t)

4

)
cos(2π fct + θc)

+
A2c .m

2 (t)
2

cos (2.2π fct + 2θc)

+
A3c .m

3(t)
4

cos(3.2π fct + 3θc) (4)

In (4), m(t) is the message signal, Ac is the amplitude of
the modulated signal. The first term on the right side is the
amount of dc voltage multiplied by square of m(t) resulting
from nonlinearity of second order, the second term is called
the fundamental, the third term is called the second harmonic,
and the fourth term is called the third harmonic. In the
harmonic modulation, a system with nonlinear response
produces the harmonics of the modulated input signal and
after filtering the desired harmonic coefficient is obtained.
If the harmonic modulation having a square characteristic is
used, modulation at twice the carrier frequency is obtained.
Low frequency source signal can be upconverted to high
frequency band using frequency multiplication method. The
frequency multiplier circuits are expected to generate enough
power for a couple hundred GHz bandwidth as Schottky
diode technology develops more.

B. A NOVEL CONSTELLATION MODIFICATION METHOD
FOR MPSK
In the standard MPSK modulation, M carriers with equally
distributed phases are used. The MPSK modulated signal is
defined by [30]

SMPSK (t) = Ac.cos(2π fct +
(2i− 1) .π

M
), i = 1, 2, . . . ,M

(5)

where Ac is the modulated signal amplitude and M denotes
the modulation order. The MPSK modulated signal is written
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FIGURE 2. Constellation diagrams for various MPSK modulations.

FIGURE 3. The block diagram of the frequency multiplication applied on
MPSK signal.

by using trigonometric formulae in the interval of 0 ≤ t ≤ Ts.

SMPSK (t) = Ac.(cos(2π fct) .cos
[
(2i− 1) .π

M

]
− sin (2π fct) .sin

[
(2i− 1) .π

M

]
),

i = 1, 2, . . . ,M (6)

This can be expressed as a combination of inphase and
quadrature phase components on an I-Q plane. Inphase and
quadrature phase components are used for a constellation
diagram that shows the amplitude and phase values of carrier
signals [31]. Normalizing the amplitude, the points on the
constellation diagram are placed on the unit circle. The ideal
constellation diagrams forM= 2, 4, and 8 are shown in Fig. 2.

For the phase modulation types, the phase of the carrier
signal is modulated. The effect of nonlinearities resulting
from the frequency multiplication causes change in the phase
information of the modulated data, also it leads to several
problems which make it difficult to recover data at the
receiver side for different types of phase modulation. The
block diagram of the system accomplished for the frequency
multiplication applied on the MPSK modulation is shown
in Fig. 3.

When the frequency multiplication is applied, it becomes
very hard to solve the data recovery problemwith the existing
receiver structure. This is due to the occurrence of a distortion
in the phase modulation. Therefore, we propose the novel
constellation modification for frequency multiplication used
in the mmWave band communication systems to obtain
high frequency signals. The distorted MPSK signal has
the following mathematical expression at the output of the
frequency multiplier block.

SDistorted MPSK (t) = k.ANc .cos
(
2πNfct +

(2i− 1) .π.N
M

)
,

i = 1, 2, . . . ,M (7)

FIGURE 4. Constellation diagrams of MPSK after frequency multiplication
for N = 2.

FIGURE 5. The proposed constellation modification for MPSK.

FIGURE 6. The block diagram of the frequency multiplication applied on
the modified MPSK signal.

In the general form, the modulation order for MPSK is
represented by M and the frequency multiplication factor by
N. After the frequency multiplication, the distortion caused
by the nonlinear effect can be observed in the constellation
diagrams. When frequency doubler (N = 2) is used, the
constellation diagrams for BPSK,QPSK and 8PSK are shown
as an example in Fig. 4.

The novel constellation modification method is proposed
to overcome the data recovery and phase distortion problems
caused by harmonic modulation. Using this method, the
constellation diagram of MPSK signals is modified, and the
use of the modified MPSK signals ensures that the data
are retrieved without any change in the receiver structure.
The proposed Constellation Modification method is shown
in Fig. 5.

TheMPSKmodulated signal has the following mathemati-
cal expression when the constellation modification is applied.

SModified MPSK (t) = Ac.cos
(
2π fct +

(2i− 1) .π

M .N

)
,

i = 1, 2, . . . ,M (8)

The block diagram of the frequency multiplication applied
on the modified MPSK signal is shown in Fig. 6.
When the frequency multiplier for N=2 is used, at the out-

put of the constellation modification block, the constellation
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FIGURE 7. The constellation diagrams of modified MPSK before frequency multiplication.

diagrams of the modifiedMPSK forM= 2, 4, and 8 are given
as an example in Fig. 7. Depending on the modulation order,
the phase shift of the carrier signal is divided by M for each
symbol.

For example, in BPSK, the 90◦ phase shift is modified
to 45◦ for the ‘0’ symbol, while the 270◦ phase shift is
modified to 135◦ for the ‘1’ symbol. At the output of the
Frequency Multiplication block, the modified MPSK signal
has the following mathematical expression.

SMod .MPSK ,freq.mult. (t) = k.ANc .cos
(
2πNfct+

(2i−1) .π.N
M .N

)
= k.ANc .cos

(
2πNfct+

(2i− 1) .π

M

)
,

i = 1, 2, . . . ,M (9)

As an example, the constellation diagrams of the modified
MPSK at the output of the frequency multiplier for N=2
are given for M = 2, 4, and 8 in Fig. 8. When Fig. 8
is examined, it is seen that the constellation diagrams of
the modified MPSK signals after frequency multiplication
are transformed into the standard MPSK constellation
diagrams. Thus, we do not need to change the receiver
structure. The modified constellation is easy to generate
and does not need higher bandwidth or digital processing
load.

Before we evaluate the performance of our proposed
constellation modification method, in the following section
we first discuss the BER performance analysis of the MPSK
with phase noise for the proposed method we considered in
this paper.

FIGURE 8. The constellation diagram of modified MPSK after frequency
multiplication for N = 2.

C. BER ANALYSIS OF MPSK IN THE PRESENCE OF PHASE
NOISE
Thanks to the offering large bandwidth of the THz band and
the development of devices operating in this band, studies
on mmWave communication systems are increasing. This
brings along the use of multi-level modulation types such as
MPSK to increase the data rate. In these systems where the
carrier signals are produced using a local oscillator, one of
the most significant factors affecting the BER performance
of the system is the phase noise [32], [33]. The LO signal
with phase noise is mathematically represented as:

SLO(t) = ALO.sin(2π fLO (t) + θ (t)) (10)

where ALO is the amplitude of LO signal, and θ (t) denotes
the phase noise. Phase noise in communication systems
can significantly affect their system performance, especially
with high modulation orders. This is because the decision
regions become smaller, and even slight phase deviations can
cause errors in the signal. More specifically, the performance
degradation increases as the modulation order increases.
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Accordingly, MPSK is highly sensitive to phase noise,
and BER performance analysis is crucial in evaluating its
effectiveness [34], [35]. Especially, in regions with high SNR,
the effect of phase noise on BER performance becomes
dominant and results in an irreducible BER [32]. Moreover,
when employing a frequency multiplier chain that multiplies
the frequency by a factor of N , the phase noise becomes
distorted by a factor of 20 log10N dB [36]. Additionally,
using a mixer can also lead to phase noise [32]. Therefore,
to ensure reliable and efficient transmission, it is important to
consider the impact of phase noise and its effect on the BER
performance of the system.

Numerous researches have provided either exact or
approximate expressions for analyzing the BER performance
of MPSK with phase noise because it is challenging to
derive an average BER expression for MPSK [35], [37].
An approximate expression for the average BER of MPSK
with Gaussian distributed phase error is derived in [35].
Additionally, an exact and general closed form expressions
for the BER of MPSK in the presence of a fixed phase error
are provided in [38]. Also, accurate expressions for the bit
error probability (BEP) of Gray-codedM-ary rectangular and
square QAM in the presence of phase noise in both AWGN
and fading channels are presented in [39]. The effect of
Gaussian phase noise on various waveforms is investigated
and digital modulations in presence of phase noise are
compared in [40]. Moreover, an approximate expression for
the average BER of MPSK in a Nakagami-m fading channel,
where a noisy phase reference exists is derived in [41].
Using the Tikhonov phase error model, the average symbol
error rate performance of MPSK is analyzed [42]. Finally,
to minimize the effect of oscillator phase noise on QPSK
modulation in the AWGN channel, several estimators and
corresponding results are proposed [43].

In an AWGN channel, the average BER of MPSK
modulation in the presence of phase noise can expressed
as [35]

P (e) =

∫
P (e | θ) .p (θ) .dθ (11)

where θ is phase noise, P (e | θ) is the conditional BER of
MPSK with fixed phase noise, and p(θ) is the probability
density function (PDF) of the phase noise. When assessing
the error performance of coherent communication systems,
it is common to assume that a perfect phase reference for
demodulation is accessible to the receiver [44]. However,
in practice, the local phase reference is reconstructed by
utilizing a signal received with noise, which leads to a phase
error typically modelled by Gaussian or Tikhonov [44] When
there is phase noise present, the PDF of the phase noise can
be modelled by a Tikhonov distribution, which is defined as

p (θ) =
eα.cosθ

2π I0(α)
(12)

where α is the SNR in the loop bandwidth and also α−1 is
the variance of θ and In(.) is the n-th order modified Bessel

function. In most cases, when the variance of θ is high, the
PDF of the phase noise can be estimated using a Gaussian
distribution, which is a straightforward and commonly used
distribution and can be expressed as

p (θ) =
1

√
2πσ 2

e−
θ2

2σ2 (13)

where σ 2 is the variance of θ . We assume that the phase
noise has a Gaussian distribution, while performing BER
performance analysis in this study. Accordingly, the MPSK
signal with phase noise is defined as

SMPSK (t) = Ac.cos
(
2π fct +

(2i− 1) .π

M
+ θnt

)
,

i = 1, 2, . . . ,M (14)

The received signal is represented by

rt =

(
SMPSK (t) .ej(2π ft+θnt ) + nt

)
.ej(−2π ft+θnr )

= SMPSK (t) .ej(θnt+θnr ) + n̂t (15)

The terms θnt and θnr refer to the phase noise that is generated
at the transmitter and receiver, respectively. n̂t is the noise
signal converted by the downconverter. Therefore, a rough
mathematical expression for the conditional BER of MPSK,
where the phase noise is distributed according to a Gaussian
distribution and transmitted over AWGN channel, is derived
as

PMPSK (e | θ) =
2

log2M

M
2∑
i=1

(
1 − erf

(√
εb

N0
log2M .

sin
(

(2i− 1) .π

M
+ θnt + θnr

)))
(16)

Using trigonometric formulae, the expression in (16) can be
expanded as

PMPSK (e | θ) =
2

log2M

M
2∑
i=1

(
1 − erf

(√
εb

N0
log2M .(

sin
(

(2i− 1) .π

M

)
.cos (θnt + θnr ) +

cos
(

(2i− 1) .π

M

)
.sin (θnt + θnr )

)))
(17)

By substituting the mathematical equations given in (13) and
(17) into (11), it is possible to compute the average BER
expression for MPSK with phase noise distributed according
to Gaussian distribution and transmitted over an AWGN
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channel.

PMPSK (e) =

∫
2

log2M

M
2∑
i=1

(
1 − erf

(√
εb

N0
log2M .(

sin
(

(2i− 1) .π

M

)
.cos (θnt + θnr ) +

cos
(

(2i− 1) .π

M

)
.sin (θnt + θnr )

)))
.

1
√
2πσ 2

e−
θ2

2σ2 .dθ (18)

Consequently, the presence of phase noise in the recovered
carrier affects the MPSK signal, and the BER becomes
dependent on both the SNR and the phase noise [45]. If we
need to apply this process for the modifiedMPSK, theMPSK
signal with phase noise is defined as

SModified MPSK (t) = Ac.cos
(
2π fct +

(2i− 1) .π

M .N
+ θnt

)
,

i= 1, 2, . . . ,M (19)

An approximate mathematical expression for the conditional
BER of the modified MPSK with Gaussian distributed phase
noise over an AWGN channel is derived.

PModified MPSK (e | θ) =
2

log2M

M
2∑
i=1

(
1−erf

(√
εb

N0
log2M .

sin
(

(2i− 1) .π

N .M
+ θnt + θnr

)))
(20)

Using trigonometric formulae, (20) can be expanded as (21),
as shown at the bottom of the next page.

Similarly, by substituting themathematical equations given
in (13) and (21) into (11), the average BER expression for the
modified MPSK with Gaussian distributed phase noise over
an AWGN channel is obtained as

PModified MPSK (e) =

∫
2

log2M

M
2∑
i=1

(
1−erf

(√
εb

N0
log2M .(

sin
(

(2i− 1) .π

N .M

)
.cos (θnt + θnr ) +

cos
(
(2i− 1) .π

N .M

)
.sin (θnt+θnr )

)))
.

1
√
2πσ 2

e−
θ2

2σ2 .dθ (22)

The BER analysis for the modified MPSK was performed
to clearly show the effect of the harmonic modulation on the
modified MPSK. Our aim is to investigate the performance
comparison between regular MPSK and harmonic MPSK.
Ultimately, when we combine this procedure with the
frequency multiplication method, we obtain the frequency

multiplicated MPSK signal with phase noise, which can be
expressed as

SMod .MPSK ,freq.mult. (t)

= k.ANc .cos
(
2πNfct +

(2i− 1) .π.N
M .N

+ θnt .N
)

= k.ANc .cos
(
2πNfct +

(2i− 1) .π

M
+ θnt .N

)
,

i= 1, 2, . . . ,M (23)

The received signal is represented by

rt,Mod .MPSK ,freq.mult. = SMod .MPSK ,freq.mult. (t) .ej.N .(θnt+θnr )

+ n̂t (24)

A mathematical expression for the conditional BER of the
harmonic modulated MPSK signal with Gaussian distributed
phase noise over an AWGN channel is derived.

Using trigonometric formulae, (25), shown at the bottom of
the next page, can be expanded as (26), shown at the bottom
of the next page.

Likewise, by substituting the mathematical equations
provided in (13) and (26) into (11), the formula for the
average BER of the harmonic modulated MPSK with
Gaussian distributed phase noise over an AWGN channel
can be obtained as (27), shown at the bottom of the next
page.

The analysis of the BER performance of MPSKwith phase
noise in the proposed method suggests that phase noise has
a significant impact on the BER performance, resulting in a
decrease in performance and a non-negligible power penalty.
To demonstrate this, we conducted BPSK transmission
simulations over an AWGN channel using MATLAB. The
simulation generated BER curves for BPSK transmission
with and without phase noise, which were compared. We also
performed simulation to detect the effect of phase noise on
the transmission of the harmonic modulated BPSK signal.
For BPSK transmission, we used a frequency multiplication
factor of N=2 during the simulation. The simulation results
showed the BER performance for BPSK transmission
with and without phase noise, as well as for harmonic
modulated BPSK transmission. These results are presented
in Fig. 9.

III. SYSTEM MODEL FOR EXPERIMENTAL SETUP IN
mmWAVE BAND
In this study, the transmission of the regular and harmonic
MPSK data in the mmWave band was performed. To achieve
our objective, firstly, modulator structures separately for
regular and harmonicMPSK data transmissionwere designed
in the LabVIEW environment and performed in real time
testbed using USRPs. Whereas the standard MPSK modu-
lator is used for the regular MPSK data transmission, the
modified MPSK modulator is used for the harmonic MPSK
data transmission.
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FIGURE 9. BER analysis of BPSK in AWGN channel with and without
phase noise (frequency multiplication factor for harmonic modulation is
N = 2.)

A. SDR IMPLEMENTATION OF THE STANDARD AND
MODIFIED MPSK MODULATORS
The real-time performance analysis of the standard and the
modified MPSK modulator was done by developing the
transmitter and receiver blocks in the LabVIEW environment
and tested using NI USRP-2922 models. The same USRP
models were used as the receiver and transmitter, and the

USRP MIMO expansion cable was used to provide clock
and frequency synchronization between the USRPs. The
MIMO extension outputs of the USRPs are connected to
each other with a USRP MIMO expansion cable and the
internal reference clock and frequency produced by one of
the USRPs is shared with the other USRP. The standard
MPSK transmitter and receiver structures implemented on
the USRP for the regular MPSK data transmission is
as in Fig. 10.

In Fig. 10(a), random bit generation is done at 50 kbps
using the Fibonacci PN sequence order 11 in the LabVIEW.
In addition, guard bits are used to prevent errors that may
occur during successive measurements between the receiver
and transmitter. These generated bits were modulated with
MPSK and transmitted at a carrier frequency of 800 MHz.
The gain parameter of the USRP can be adjusted so that
the amplifier output power varies between -10 dBm and
+20 dBm. Finally, after the MPSK demodulation given in
Fig. 10(b), the BER analysis of the system operating at a
carrier frequency of 800 MHz was made. The constellation
diagrams obtained at the output of the standard MPSK
modulator for BPSK and QPSK, which are shown in
the LabVIEW environment, are given in Fig. 11. The
USRP transmitter and receiver structures created using the
constellation modification method for harmonic MPSK data
transmission is shown in Fig. 12. Because the frequency
multiplier with frequency multiplication factor of two dou-
bles the phase information when the harmonic modulation
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FIGURE 10. The standard MPSK USRP model.

is used, the transmitted signal cannot be recovered correctly
due to distortion. Therefore, the modified MPSK modulator
structure was designed for the harmonic modulated MPSK
data transmission. Using the proposed method, the phase
value of the standard MPSK modulation is modified in
accordance with the modulation order. Thus, the variation
in the constellation diagram is provided by the modified
MPSK modulator. When applied in this way, the transmitted
signal is recovered considering a certain loss by using the
standard MPSK demodulator at the receiver. Although the
same blocks are used in the modified MPSK modulator,
the phase information at the output of the MT PSK System
Parameters Creation block which is used to specify PSK
modulation parameters in LabVIEW is divided into two
because the harmonic modulation is used to generate the
second harmonic of the MPSK data at the transmitter output.
Afterwards, a phase shift of π is applied. The resulting
modified MPSK constellation diagram for BPSK and QPSK
is shown in Fig. 13. The non-square constellation diagram of
the modified QPSK in Fig. 13(b) affects the discrimination
when the frequency multiplier is applied, and this effect is
observed as a power penalty.

In Fig. 12, the carrier frequency at the transmitter is set
to be half of the carrier frequency at the receiver, since the
frequency multiplication factor, N , is taken as two. When
examining the two designs given in Fig. 10 and Fig. 12,
respectively, the difference between them is the MPSK
modulator structure used and the carrier frequency of the
transmitter. The carrier frequency values of the standard
MPSK modulator and the modified MPSK modulator differ
due to the frequency multiplication. For the standard MPSK
modulator, the carrier frequency value is fc = 800 MHz,
whereas for the modified MPSK modulator, fc = 400MHz.

On the transmitter side, although the carrier frequency
values and modulator structures are different, the receiver
side is exactly the same for both modulators. In other words,
recovery of the transmitted signal without any change in
the receiver structure is achieved with certain power and
performance loss.

B. EXPERIMENTAL SETUP FOR
MMWAVE TRANSMISSION
The hardware setup process includes designing the upcon-
verter and downconverter structures to implement the
proposed method in the mmWave band. After the real
time modeled standard and modified MPSK modulators
using USRP, upconverter and downconverter were designed.
Whereas different upconverters are designed for the reg-
ular MPSK data transmission and harmonic MPSK data
transmission, the downconverter structures used for the two
MPSK transmissions are designed to be the same. The
reason why the upconverter structures differ is because the
modulator used for the regular MPSK data transmission and
themodulator used for the harmonicMPSK data transmission
are different.

1) THE REGULAR MPSK DATA TRANSMISSION SYSTEM
SETUP IN THE MMWAVE BAND
Fig. 14 shows the schematic diagram of the regular MPSK
data transmission system in the mmWave band. As shown in
the Fig. 14, the implementation of our regular MPSK data
transmission at 30 GHz hardware setup uses the following
components: USRP devices, subharmonic mixers, 2 dB
RF attenuator, variable attenuator, amplifier, power divider,
Phased locked dielectric resonator oscillator (PDRO), horn
antenna, and proper types of cables for connection. Fig. 15
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FIGURE 11. The constellation diagrams of the standard MPSK modulator
in the LabVIEW environment.

shows the hardware setup of our regular MPSK data
transmission system at 30 GHz.

On the transmitter side, the computer is connected to the
NI USRP-2922 model USRP device via Ethernet cable. The
USRP Tx device provides output by converting the digital
signal to an analog intermediate frequency (IF) signal. Using
the model designed for the standard MPSK modulator, the
MPSK signal, which has a carrier frequency of 800 MHz
at 50 kbps data rates at the output of the USRP Tx device,
is transmitted as an input signal to the designed 30 GHz
upconverter structure. Hertley CTI phase locked PDRO is
used to generate the LO signal in the 30 GHz upconverter
structure. A LO signal with 13 dBm RF output power is
obtained at 15.2 GHz frequency at the PDRO output. The
Picosecond 6 dB power divider is used so that the LO signal at
the PDRO output can be used on the receiver side to provide
coherent modulation. The PDRO output is connected to the
first port of the power divider. Since the power divider used
has 6 dB insertion loss, the LO signal is observed as 7 dBm
at the outputs of the second and the third ports. The LO
signal at the output of the power divider is connected to the

input of the Mini Circuits coaxial wideband amplifier with
a gain of 13 dB and an average output power of 18 dBm,
operating in the frequencies between 5 GHz and 15 GHz. The
purpose of using the amplifier here is to isolate the LO signal
from the subharmonic mixer in order to prevent it from being
reflected back. There is a 2 dB attenuator at the amplifier
output. The attenuator is used to prevent the LO signal at
the amplifier output from damaging the Miteq SBE0440LW1
Even Harmonic Balanced Mixer. Since the mixer operating
in the frequencies between 4 GHz and 40 GHz has an LO
power range from 10 dBm to 15 dBm, an attenuator is
used in case of a signal with a power higher than 15 dBm
at the amplifier output. As a result of the measurements
made using the power detector, a signal which has power
of 7 dBm is obtained at the attenuator output. The even
harmonic balanced mixer achieves efficient RF to IF or IF
to RF conversion using an LO at 1/2 the normal frequency.
Thus, with the 15.2 GHz LO signal obtained, MPSK data
at carrier frequency of 800 MHz coming from the USRP
Tx device is converted into mmWave signal using an even
harmonic balancedmixer with 9 dB conversion loss operating
in the 4 GHz-40 GHz frequency range. The signal measured
at the RF output has a power of 3 dBm at 30.4 GHz. Finally,
the mixer output is connected to a horn antenna operating in
the 26.5 GHz–40 GHz frequency range. The horn antenna has
20 dB gain. The collimator lenses are used to increase the
strength of the signal transmitted.

On the receiver side, upconverted MPSK data transmitted
in the mmWave band is sent to the downconverter using a
horn antenna operating in the frequency range of 26.5 GHz-
40 GHz, as shown in Fig. 14. The Rx power measurement
was made by using a power detector at the antenna output.
A variable attenuator, which can be adjusted in the range
of 0 dB-69 dB, was used to perform performance analysis
at different received power values. The variable attenuator
output is connected to Miteq SBE0440LW1 Even Harmonic
Balanced Mixer RF port to convert RF signal to IF signal.
With the 15.2 GHz LO signal coming from the third port
of the power divider used on the transmitter side, the RF
signal at the variable attenuator output is downconverted.
Then, the mixer IF signal is sent to the USRP Rx device,
the IF signal is converted into a baseband signal by the
USRP. The baseband signal processing and performance
analysis of the system are performed to recover the signal and
decode the original data packet. In addition, power budget
analysis of the regular MPSK data transmission system
has been performed to estimate the received power. During
the analysis, various parameters were computed, including
transmitted and received signal power, free space path loss
(FSL), effective isotropic radiated power (EIRP), received
isotropic power, thermal noise power, and received carrier to
noise ratio (CNR). The losses of the components utilized in
the mmWave communication system, such as conversion loss
and insertion loss, were also considered. Table 1 contains the
values of the parameters that were obtained as a result of the
power budget analysis.
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FIGURE 12. The modified MPSK USRP model.

TABLE 1. Power budget analysis of the regular MPSK data transmission
system in MMwave band.

2) THE HARMONIC MPSK DATA TRANSMISSION SYSTEM
SETUP IN THE MMWAVE BAND
Fig. 16 shows the schematic diagram of the harmonic
MPSK data transmission system in the mmWave band.
As shown in the Fig. 16, the implementation of our harmonic
MPSK data transmission at 30 GHz hardware setup uses the
following components: USRP devices, mixer, subharmonic
mixer, variable attenuator, power divider, PDRO, frequency
multiplier, horn antenna, and proper types of cables for
connection. Fig. 17 shows the hardware setup of our harmonic
MPSK data transmission system at 30 GHz.

On the transmitter side, the computer is connected to the NI
USRP-2922 model USRP device via Ethernet cable. Using
the model designed for the modified MPSK modulator, the
MPSK signal, which has a carrier frequency of 400 MHz
at 50 kbps data rates at the output of the USRP Tx device,

is transmitted as an input signal to the designed 30 GHz
upconverter structure. Hertley CTI phase locked PDRO is
used to generate the LO signal in the 30 GHz upconverter
structure. A LO signal with 13 dBm RF output power is
obtained at 15.2 GHz frequency at the PDRO output. The
Picosecond 6 dB power divider is used so that the LO signal at
the PDRO output can be used on the receiver side to provide
coherent modulation. Since the power divider used has 6 dB
insertion loss, the LO signal power is observed as 7 dBm at
the outputs of the second and third ports. The LO signal at
the output of the power divider is connected to the input of
the mixer.

Miteq DM0520LW1 Double Balanced mixer is used in
the transmitter. This mixer works in the frequency range
of 5 GHz-20 GHz and has a conversion loss of 5 dB. The
modified MPSK data sent from the USRP Tx device is
upconverted with the 15.2 GHz LO signal at the power
divider output. After the measurement, a signal at a frequency
of 15.2 GHz with 2 dBm power was observed at the
mixer output. Unlike the studies in the literature, frequency
multiplication method was used at this stage for the harmonic
modulation of the signal at the mixer output. With harmonic
modulation, the transmission of modified MPSK data was
implemented. For the harmonic modulation, Analog Devices
HMC577LC4B Active frequency multiplier operating in the
13.5 GHz-15.5 GHz input frequency range and 27 GHz-31
GHz output frequency range is used. Also, an output power
of 20 dBm can be obtained at the frequency multiplier output.
However, as a result of the measurement, a signal with 8 dBm
power was obtained at the frequency multiplier output. The
modified MPSK data at 400 MHz carrier frequency coming
from the USRP Tx device is converted into mmWave signal
using the frequency multiplication. Finally, the frequency
multiplier output is connected to a horn antenna operating

VOLUME 11, 2023 55291



Ö. Ersoy et al.: Novel Constellation Modification Method for Harmonic Modulated MPSK Data Transmission

FIGURE 13. The constellation diagrams of the modified MPSK modulator
in the LabVIEW environment.

in the 26.5 GHz–40 GHz frequency range. The transmitting
horn antenna has 20 dB gain. The collimator lenses are used
to increase the strength of the signal transmitted between the
transmitter and the receiver.

On the receiver side, upconverted MPSK data transmitted
in the mmWave band is sent to the downconverter using a
horn antenna operating in the frequency range of 26.5 GHz-
40 GHz, as shown in Fig. 16. The receiving horn antenna
has 10 dB gain. The Rx power measurement was made by
using a power detector at the antenna output. The variable
attenuator adjustable in the range of 0 dB-69 dB was used
to perform error performance analysis at different received
power values. The variable attenuator output is connected
to Miteq SBE0440LW1 Even Harmonic Balanced Mixer RF
port to convert RF signal to IF signal. With the 15.2 GHz
LO signal coming from the third port of the power divider
used on the transmitter side, the RF signal at the variable
attenuator output is downconverted. Then, the mixer IF signal
is sent to the USRP Rx device, the IF signal is converted
into a baseband signal by the USRP. The baseband signal
processing and error performance analysis of the system

TABLE 2. Power budget analysis of the harmonic MPSK data
Transmission System in MMwave band.

are performed to recover the signal and decode the original
data packet. Furthermore, similar to the regular MPSK data
transmission system, an analysis of the power budget has been
conducted for the harmonic MPSK data transmission system
to estimate the received power.

Table 2 contains the values of the parameters that were
obtained as a result of the power budget analysis.

IV. RESULTS
The LOS measurements for the performance of the proposed
system in this study were carried out in the indoor laboratory
environment for 30 GHz mmWave data transmission in two
different scenarios. These are regular MPSK data transmis-
sion and harmonic MPSK data transmission scenarios. The
LOS measurements of these two scenarios in the indoor
environment were accomplished, that include setup of the
mmWave data transmission systems and, as well as the
description of the proposed scheme. The LOS measurements
made for a distance of 60 centimeters between the trans-
mitting and receiving antenna were analyzed in terms of
the received power. The received power measurements were
made by attaching a RF power detector to the receiver antenna
output for both the regular MPSK and the harmonic MPSK
data transmission. The received power and the results of
the BER performance of the mmWave transmission systems
were compared. The BER measurements were made using
the MT BER Calculate block in the modulation toolkit of the
LabVIEW program. The BER measurement results for the
regular MPSK data transmission and the harmonic MPSK
data transmission modulations for M = 2, and M = 4 are
shown in Fig. 18.

In Fig. 18, when the regular BPSK data transmission
at 30 GHz is compared with the harmonic BPSK data trans-
mission at 30 GHz, a power penalty of 2.3 dB is observed.
Likewise, it was concluded that the 30 GHz harmonic
QPSK data transmission combined with the proposed method
showed a noteworthy error performance improvement. The
reasons behind the power penalty are phase noise in the
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FIGURE 14. Schematic diagram of our mmWave experimental setup for regular MPSK.

FIGURE 15. Experimental setup for regular MPSK transmission system at 30 GHz.

oscillator and the PLL in the receiver. Both experimental
systems are affected by the phase noise resulting from the
oscillator. In the harmonic MPSK data transmission sys-
tem, constellation modification and frequency multiplication
methods are used. When the MPSK signal is multiplied by a

factor of N , the phase noise increases N times, which affects
the BER performance of the system. Moreover, the frequency
multiplication causes a change in the phase response of
the filter when a standard bandpass filter is used during
modulation. This leads to filter mismatch even if a standard
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FIGURE 16. Schematic diagram of our mmWave experimental setup for harmonic MPSK.

FIGURE 17. Experimental setup for harmonic MPSK transmission system at 30 GHz.

bandpass filter is utilized in the receiver. The theoretical BER
analysis in Section II-C shows the effect of phase noise on
the harmonic MPSK signal. Additionally, simulations were
conducted in MATLAB for regular and harmonic BPSK
transmission with and without phase noise over an AWGN
channel, and the results in Fig. 9 were obtained. In summary,
both experimental and simulation results confirm that phase
noise causes a reduction in BER performance of the harmonic
MPSK system and a non-negligible power penalty. However,
there are several techniques available to mitigate the effect
of phase noise. The use of high quality oscillators is crucial

in reducing the level of phase noise. Additionally, a PLL
can be designed to maintain a constant phase relationship
between the signal and the oscillator, thereby reducing
the effect of phase noise. Narrowband filters can improve
the SNR by rejecting frequencies outside a specific range.
Utilizing suitable modulation schemes, as well as channel
encoding, can be provided to be robust to phase noise. Finally,
equalization techniques and different estimator types such
as LS, ML and Kalman filter can also be used to mitigate
phase noise in communication systems. Overall, the approach
to mitigate phase noise should be determined depend on
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FIGURE 18. BER comparison for measurements of the regular and the
harmonic MPSK data transmission at 30 GHz.

the requirements of the communication system. Therefore,
a combination of the above techniques may be necessary to
achieve optimal performance.

V. CONCLUSION
In this study, we have proposed a novel constellation
modification method for MPSK data transmission with fre-
quency multiplication technique, which offers an important
solution in providing transmission in mmWave band to meet
high data rates and capacity demand. In order to provide
transmission in the mmWave band, unlike the modulation
process performed after the frequency of the LO signal is
moved to the mmWave band using a frequency multiplier,
the modulated signal is transferred to the high frequency
band using the frequency multiplication method. In addition,
MPSK modulation is used instead of the square wave On-Off
modulation typically used in the transmitter, which is slightly
affected by frequency multiplication. The nonlinear effect
caused by the frequency multiplication makes it difficult to
recover the data in the receiver for the phase modulation
types, and the proposed constellation modification method is
applied in the transmitter to solve the data recovery problem.
In this way, MPSK transmission was carried out with a
modified constellation for the harmonic modulation, which
was created without the need for higher bandwidth or digital
processing load and without changing the receiver structure.

For the mmWave testbed of the regular and the harmonic
MPSK data transmission, the transmitter and receiver blocks
were developed in the LabVIEW environment and tested
using NI USRP-2922 models. The BER results for measure-
ments of the regular and harmonic MPSK data transmissions
have been obtained.

The frequency multiplication method applied in the
transmitter for data transmission at high data rates in the

mmWave band and the novel constellation modification
method proposed for the implementation of harmonic modu-
lation on MPSK data, will make a significant contribution to
adopt the system to modulation types with high modulation
order. In addition, it has been shown that the proposedmethod
can be applied on modulated data for experimental studies
to be carried out in the mmWave band using the frequency
multiplier chain.
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