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PAPER
Peak Cancellation Signal Generation Considering Variance in
Signal Power among Transmitter Antennas in PAPR Reduction
Method Using Null Space in MIMO Channel for MIMO-OFDM
Signals∗

Jun SAITO†, Nobuhide NONAKA††, Members, and Kenichi HIGUCHI†a), Senior Member

SUMMARY We propose a novel peak-to-average power ratio (PAPR)
reduction method based on a peak cancellation (PC) signal vector that con-
siders the variance in the average signal power among transmitter antennas
for massive multiple-input multiple-output (MIMO) orthogonal frequency
division multiplexing (OFDM) signals using the null space in a MIMO
channel. First, we discuss the conditions under which the PC signal vec-
tor achieves a sufficient PAPR reduction effect after its projection onto the
null space of the MIMO channel. The discussion reveals that the magni-
tude of the correlation between the PC signal vector before projection and
the transmission signal vector should be as low as possible. Based on this
observation and the fact that to reduce the PAPR it is helpful to suppress
the variation in the transmission signal power among antennas, which may
be enhanced by beamforming (BF), we propose a novel method for gen-
erating a PC signal vector. The proposed PC signal vector is designed so
that the signal power levels of all the transmitter antennas are limited to be
between the maximum and minimum power threshold levels at the target
timing. The newly introduced feature in the proposed method, i.e., increas-
ing the signal power to be above the minimum power threshold, contributes
to suppressing the transmission signal power variance among antennas and
to improving the PAPR reduction capability after projecting the PC signal
onto the null space in the MIMO channel. This is because the proposed
method decreases the magnitude of the correlation between the PC signal
vectors before its projection and the transmission signal vectors. Based on
computer simulation results, we show that the PAPR reduction performance
of the proposed method is improved compared to that for the conventional
method and the proposed method reduces the computational complexity
compared to that for the conventional method for achieving the same target
PAPR.
key words: OFDM, PAPR reduction, MIMO, null space, peak cancellation,
computational complexity reduction

1. Introduction

The combination of downlink massive multiple-input
multiple-output (MIMO) [1], [2], in which the number
of transmitter antennas is very large, and orthogonal fre-
quency division multiplexing (OFDM) signals achieves
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wide-coverage enhanced mobile broadband communica-
tions. However, the peak-to-average power ratio (PAPR) of
the OFDM signals is high. In a massive MIMO scenario,
the PAPR of the OFDM signals may be further increased
due to the variation in the transmission signal power levels
among antennas through the beamforming (BF) process. In
a massive MIMO environment, a power amplifier with rela-
tively low power consumption needs to be used for each of a
large number of transmitter antennas. Therefore, in massive
MIMO-OFDM transmission, PAPR reduction is a crucial is-
sue that must be addressed.

In downlink massive MIMO, the number of transmis-
sion antennas at a base station is in general much larger than
that for receiver antennas at the user terminal. Under this as-
sumption, joint optimization of BF, OFDM modulation, and
PAPR reduction was studied in [3]. In [4], a PAPR reduc-
tion method was reported in which some of the transmission
antennas are exclusively used to reduce the PAPR. In this
method, the in-band interference due to the signal for PAPR
reduction is eliminated on the receiver side. However, this
method decreases the BF gain of the data streams due to
the decrease in the number of transmitter antennas used for
transmitting the data streams.

In [5]–[16], a PAPR reduction method was discussed
that uses the null space in a MIMO channel. This method
limits the signal for PAPR reduction transmitted to only the
null space in the MIMO channel by applying BF to remove
the in-band interference due to the PAPR reduction signal
on the receiver side. Since all the transmission antennas
are fully utilized for transmission of the data streams, the
achievable BF gain of this method is greater than that for
the method in [4].

Members of our research group reported a PAPR reduc-
tion algorithm based on the peak cancellation (PC) signal in
order to reduce the computational complexity in the PAPR
reduction method using the null space of a MIMO chan-
nel [17]–[19]. This algorithm is referred to as PC with a
channel-null constraint (PCCNC). The original idea for the
method using the PC signal was reported in [20], [21]. The
PC signal is designed so that it has a single dominant peak
and satisfies the requirement for out-of-band radiation. By
directly adding the PC signal to the transmission signal in
the time domain at each transmission antenna, the PAPR of
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the transmission signal is suppressed. PCCNC performs PC
signal-based PAPR reduction jointly considering all trans-
mission signals for all antennas. Thus, the PC signal is con-
structed in vector form. The BF vector of the PC signal is
set orthogonal to the MIMO channel. In other words, the
BF vector of the PC signal is restricted within the null space
in the MIMO channel. With this restriction, the interference
due to the PC signal that is imparted to the data streams is
removed on the receiver side.

The original PCCNC in [17]–[19] first generates the PC
signal vector which suppresses all the peak signal compo-
nents whose power levels are beyond the maximum power
threshold in the transmission signals of all transmitter an-
tennas at the target timing. Then, the generated PC signal
vector is projected onto the null space in the MIMO channel
to calculate the final version of the PC signal vector. How-
ever, the PAPR reduction effect of the PC signal vector is
degraded to some extent by the projecting operation of the
PC signal vector onto the null space in the MIMO channel.
Therefore, there is room for improvement in the generation
method of the PC signal that suppresses the degradation of
the PAPR reduction effect due to projection onto the null
space in the MIMO channel. In the following, the original
PCCNC in [17] is referred to as conventional PCCNC.

This paper proposes a novel generation method for the
PC signal vector for PCCNC. First, we discuss the condi-
tions under which the PC signal vector achieves a sufficient
PAPR reduction effect after its projection onto the null space
of the MIMO channel. The discussion reveals that the mag-
nitude of the correlation between the PC signal vector be-
fore projection onto the null space and the transmission sig-
nal vector should be as low as possible. Based on this ob-
servation and the fact that it is helpful for PAPR reduction
to suppress the variation in the transmission signal power
among antennas, which may be enhanced by BF, we pro-
pose a novel generation method for the PC signal vector.
The proposed PC signal vector is designed so that the sig-
nal power levels of all the transmitter antennas are limited
to be between the maximum and minimum power threshold
levels at the target timing. The newly introduced feature
in the proposed method, i.e., increasing the signal power
to be above the minimum power threshold, contributes to
suppressing the transmission signal power variance among
antennas, which directly contributes to the PAPR reduction
among antennas. Furthermore, by balancing the PC signal
components that reduce the peak signal power and that in-
crease the signal power in the transmission signal vector,
the proposed PC signal vector can be uncorrelated with the
transmission signal vector. Therefore, the PAPR reduction
capability after the projection of the PC signal vector onto
the null space in the MIMO channel can be enhanced com-
pared to that for the conventional PCCNC. Based on com-
puter simulation results, we show that the PAPR reduction
performance of the proposed PCCNC is improved compared
to that of the conventional one and the proposed PCCNC re-
duces the computational complexity compared to that for
the conventional one for achieving the same target PAPR by

reducing the required number of iterations in the PCCNC
process. We note that the contents of this paper are based on
[22], but include enhanced evaluations such as the complex-
ity analysis, evaluation of the complementary cumulative
distribution function (CCDF) of the PAPR and throughput,
and performance evaluation of the proposed method with
various numbers of transmitter antennas.

The remainder of the paper is organized as follows.
First, Sect. 2 describes the PCCNC using the conventional
PC signal vector generation method, and discusses the con-
ditions for the PC signal vector to achieve sufficient PAPR
reduction. Section 3 describes the proposed PC signal vector
generation method. Section 4 shows the numerical results
based on computer simulations. Finally, Sect. 5 concludes
the paper.

2. Conventional PCCNC and Conditions for PC Signal
Vector to Achieve Sufficient PAPR Reduction

2.1 Conventional PCCNC

Let us consider MIMO multiplexing where the number of
transmitter antennas at the base station is Ntx and the num-
ber of user terminals each having a single receiver antenna is
Nrx. We set Ntx > Nrx assuming a downlink massive MIMO
scenario. In this paper, we assume that the MIMO chan-
nel is not frequency selective for simplicity. The Nrx × Ntx-
dimensional channel matrix is denoted as H. Since Ntx is
greater than Nrx, we have Ntx × (Ntx − Nrx)-dimensional ma-
trix K that satisfies HK = O. All the Ntx − Nrx column
vectors in K are orthonormalized to each other. Matrix K
corresponds to the null space in MIMO channel H.

Hereafter, we explain the conventional PCCNC [17].
Figure 1 shows the block diagram of a base station transmit-
ter with PCCNC. First, the OFDM data stream signal is gen-
erated. Then, BF is applied to the OFDM data stream signal
to generate the Ntx-dimensional transmission signal vector
of data streams. After that, PCCNC is processed for a given
transmission signal vector in order to reduce the PAPR of
the transmission signal vector.

The Nrx-dimensional data stream vector at discrete time
t (t = 0, . . . , F − 1: F is the number of inverse fast Fourier
transform (IFFT) points in OFDM signal generation) is de-
noted as s[t]. The Ntx × Nrx-dimensional BF matrix, M,
is multiplied to s[t] to generate the Ntx-dimensional time-
domain transmission signal vector before PAPR reduction,
x[t]. Vector x[t] is represented as

x[t] =
[
x1[t] · · · xNtx [t]

]T
= Ms[t], (1)

Fig. 1 Block diagram of base station transmitter with PCCNC.
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where xn[t] is the n-th element of x[t], which is transmitted
from transmitter antenna n.

PCCNC reduces the PAPR by iteratively repeating the
direct addition of the PC signal vectors to transmission sig-
nal vector x[t]. The PC signal vector is generated by mul-
tiplying BF vector, mpc, which is directed to the null space
in the MIMO channel, to the time-shifted version of basic
time-domain signal, b[t], which is a sinc function whose
dominant peak amplitude at t = 0 is set to 1 and whose
bandwidth is equal to the signal transmission bandwidth.

The time-domain transmission signal vector at the j-
th iteration of the PCCNC process is denoted as x( j)[t] =[
x( j)

1 [t] · · · x( j)
Ntx

[t]
]T

. We assume x(1)[t] = x[t] as the ini-
tial setting. At the j-th iteration, PCCNC tries to reduce the
PAPR observed in x( j)[t] at target time index τ( j). Target time
index τ( j) is determined based on the peak observation in
x( j)[t]. More specifically, τ( j) is set to the time index where
x( j)

n [t] has the maximum amplitude for all n = 1, . . . ,Ntx and
t = 0, . . . , F − 1. In the j-th iteration of the conventional
PCCNC, the PC signal vector, c( j)[t], which is represented
in the form of (2), is added to x( j)[t].

c( j)[t] = m( j)
pc b

[
t − τ( j)

]
. (2)

x( j+1)[t] = x( j)[t] + c( j)[t]. (3)

The purpose of c( j)[t] in the conventional PCCNC is to sup-
press the peak signal observed in x( j)[τ( j)] using the domi-
nant peak signal portion of b[0].

An important component of c( j)[t] is its BF vector, m( j)
pc ,

and investigating its generation method is the purpose of this
paper. The Ntx-dimensional vector, m( j)

pc , should lie within
null space K in the MIMO channel. PC signal vector c( j)[t]
is generated by multiplying m( j)

pc to the τ( j)-time-shifted ver-
sion of b[t]. Thus, PC signal vector c( j)[t] meets the require-
ment of out-of-band radiation and does not interfere with the
data streams. This is because the PC signal is transmitted to
only the null space in the given MIMO channel and does not
appear on the receiver side. In generating m( j)

pc , the first step
is to find BF vector m̃( j)

pc of the PC signal vectors that are
desirable from the viewpoint of PAPR suppression. Next,
m( j)

pc is generated by projecting m̃( j)
pc onto null space K in the

MIMO channel.
Figure 2 shows the conventional method for PC signal

generation described in [17]. In [17], m̃( j)
pc is generated using

the following formula.

m̃( j)
pc =

[
m̃( j)

pc,1 · · · m̃( j)
pc,Ntx

]T
,

where

m̃( j)
pc,n =

√PUe jθ( j)
n [τ( j)] − x( j)

n

[
τ( j)

]
,

∣∣∣∣x( j)
n

[
τ( j)

]∣∣∣∣2 > PU

0, Otherwise
.

(4)

Here, PU is the maximum power threshold and θ( j)
n [τ( j)] is

the phase of x( j)
n [τ( j)]. Vector m̃( j)

pc is the ideal peak reduc-
tion vector in the sense that if m̃( j)

pc is used as m( j)
pc in (2), the

Fig. 2 Conventional PC signal vector.

transmission signal power levels for all Ntx antennas at time
τ( j) (thus, |x( j)

n [τ( j)]|2 for all n) can simultaneously be sup-
pressed to equal to or lower than maximum power threshold
PU as shown in Fig. 2.

However, m̃( j)
pc has an element that is orthogonal to the

null space in the MIMO channel, which leads to interference
to the data streams. Therefore, m̃( j)

pc is projected onto null
space K in the MIMO channel to obtain m( j)

pc in (2).

m( j)
pc = KKHm̃( j)

pc . (5)

2.2 Discussions on Conditions for PC Signal Vector to
Achieve Sufficient PAPR Reduction Effect

The conventional method for generating the BF vector of the
PC signal before projection m̃( j)

pc in [17] is based on a stan-
dard approach in PAPR reduction, i.e., clipping of the high
peak power components. However, as revealed below, there
is room for improvement in terms of the PAPR reduction ef-
fect after its projection onto the null space K in the MIMO
channel. Hereafter, we analyze the impact of the projection
of the PC signal vector onto the null space in the MIMO
channel on the PAPR reduction capability. For simplicity of
notation, we consider the j = 1-st PAPR reduction process
of PCCNC and denote x(1)[t] = x[t], m̃(1)

pc , and m(1)
pc by x,

m̃pc, and mpc, respectively.
PCCNC must have a large correlation between m̃pc and

mpc, which is the projection of m̃pc onto the null space K
in the MIMO channel, in order to obtain a sufficient PAPR
reduction effect, assuming that m̃pc is designed to achieve
a good PAPR reduction capability. The correlation between
mpc and m̃pc, R(mpc), is represented as

R
(
mpc

)
=

m̃H
pcmpc∥∥∥m̃pc
∥∥∥ · ∥∥∥mpc

∥∥∥ =
m̃H

pcKKHm̃pc∥∥∥m̃pc
∥∥∥ · ∥∥∥mpc

∥∥∥ =

∥∥∥KHm̃pc
∥∥∥2∥∥∥m̃pc

∥∥∥ · ∥∥∥mpc
∥∥∥ .
(6)
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From (6), R(mpc) is always a non-negative real number and
is determined by ‖KHm̃pc‖. Therefore, it is important to pre-
vent K and m̃pc from being orthogonal as much as possible.

Clearly, the BF vector of the PC signal before projec-
tion m̃pc is generated based on given transmission signal
vector x. BF matrix M for data streams to generate x as
x = Ms is orthogonal to null space K in the MIMO channel.
This is because M aims to send data stream s to the destina-
tion user terminal regardless of the BF criteria such as zero
forcing (ZF), minimum mean squared error (MMSE), or an
eigenmode MIMO-based criterion. Therefore,

KHx = KHMs = 0. (7)

Thus, transmission signal vector x is orthogonal to K.
The conventional method generates m̃pc so that it elim-

inates the signal elements above maximum power threshold
PU. Therefore, m̃pc and transmission signal vector x have a
negative correlation as illustrated in Fig. 2. If we assume the
extreme condition of PU = 0, m̃pc becomes −x and R(mpc)
becomes

R
(
mpc

)
=

∥∥∥KHm̃pc
∥∥∥2∥∥∥m̃pc

∥∥∥ · ∥∥∥mpc
∥∥∥ =

∥∥∥−KHx
∥∥∥2∥∥∥m̃pc

∥∥∥ · ∥∥∥mpc
∥∥∥ = 0. (8)

This means that after projecting m̃pc onto null space K in
the given MIMO channel, mpc becomes 0 and no PAPR re-
duction is achieved.

Based on the above discussion, the BF vector of the PC
signal before projection, m̃pc, should be uncorrelated with
transmission signal vector x as much as possible. Then, null
space K and m̃pc will no longer be orthogonal, so R(mpc)
will increase and the PAPR reduction effect can be expected
to increase.

3. Proposed PC Signal Vector Generation Method

Based on the discussion in Sect. 2, we propose a novel
method for generating the PC signal vector, more specifi-
cally, a new method for generating m̃( j)

pc .
Conventional m̃( j)

pc calculated using (4) has a negative
correlation with transmission signal vector x( j)[τ( j)]. If the
magnitude of the correlation between m̃( j)

pc and x( j)[τ( j)] can
be decreased by adding a component that has a positive cor-
relation with transmission signal vector x( j)[τ( j)] with re-
spect to conventional m̃( j)

pc , the PAPR reduction capability
after projecting m̃( j)

pc onto the null space in the MIMO chan-
nel can be enhanced.

On the other hand, the PAPR in MIMO transmission
also increases due to the variance in the average transmis-
sion signal power among transmission antennas due to BF.
Here, if a signal component that increases the transmission
signal power for an antenna with a low transmission signal
power is included in m̃( j)

pc in order to decrease the variance
of the average transmission signal power levels among trans-
mission antennas, such a signal component can be expected
to have a positive correlation with x( j)[τ( j)].

Based on the above analysis, we propose a new gen-
eration method for the PC signal vector. In the proposed
method, the BF vector of the PC signal before projection,
m̃( j)

pc , is designed so that the signal power levels of all the
transmission antennas at the target timing are restricted to be
between the maximum and minimum power threshold lev-
els. In the proposed method, we define the minimum power
threshold, PL, in addition to the maximum power threshold
PU, where PU is greater than PL. Proposed m̃( j)

pc is repre-
sented as

m̃( j)
pc =

[
m̃( j)

pc,1 · · · m̃( j)
pc,Ntx

]T
,

where

m̃( j)
pc,n =


√

PUe jθ( j)
n [τ( j)] − x( j)

n

[
τ( j)

]
,

∣∣∣∣x( j)
n

[
τ( j)

]∣∣∣∣2 > PU
√

PLe jθ( j)
n [τ( j)] − x( j)

n

[
τ( j)

]
,

∣∣∣∣x( j)
n

[
τ( j)

]∣∣∣∣2 < PL

0, Otherwise

.

(9)

Figure 3 shows the proposed PC signal generation. The
first component of m̃( j)

pc shown in the first line in (9), which is
shown in red in Fig. 3(b), is the same as in the conventional
method using (4). With this component, the transmission
signal power levels for all Ntx antennas at time τ( j) (thus,
|x( j)

n [τ( j)]|2 for all n) can simultaneously be set equal to or
lower than maximum power threshold PU. This component
has a negative correlation with x( j)[τ( j)].

The second component of m̃( j)
pc shown in the second

line in (9), which is shown in green in Fig. 3(b), is newly
introduced in the proposed method. With this component,
the transmission signal power levels for all Ntx antennas at
time τ( j) (thus, |x( j)

n [τ( j)]|2 for all n) can simultaneously be
set equal to or higher than minimum power threshold PL.
This component has a positive correlation with x( j)[τ( j)].

By balancing the two components, the correlation be-
tween m̃( j)

pc and x( j)[τ( j)] can be close to 0. As a consequence,

Fig. 3 Proposed PC signal vector.
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R
(
mpc

)
= ‖KHm̃pc‖

2/‖m̃pc‖·‖mpc‖ can be increased, and the
PAPR reduction effect after projection onto the null space in
the MIMO channel can be enhanced. The proposed method
also reduces the PAPR by directly reducing the variance in
the average transmission signal power levels among trans-
mitter antennas.

In the proposed method, the final PC signal vector,
m( j)

pc , is generated by applying the null restriction using (5)
to the generated m̃( j)

pc , which is the same as in the conven-
tional PCCNC. Since the proposed method only adds the
process of the minimum power threshold to the conventional
method, the computational cost such as the required number
of real multiplications per iteration for the proposed method
is approximately the same as in the conventional method.

4. Numerical Results

The performance of the proposed PCCNC is evaluated based
on computer simulations and compared to the conventional
PCCNC [17]. The number of transmitter antennas, Ntx, is
parameterized. The number of receiving user terminals, Nrx,
is set to 4. The ZF-based BF is applied to actualize mul-
tiuser MIMO. The number of subcarriers in the OFDM sig-
nal is 64. The number of FFT/IFFT points is set to 256,
which corresponds to 4-times oversampling in the time do-
main in order to measure satisfactorily accurate PAPR lev-
els [23]. For general evaluation, we assume that the sig-
nal constellation of each subcarrier follows an independent
standard complex Gaussian distribution. Flat Rayleigh fad-
ing is assumed as the channel model, which is independent
between transmitter antennas and between receiving users.
The signal-to-noise ratio (SNR) is set to 20 dB. In the pro-
posed PCCNC and the conventional PCCNC, we assume
that after J iterations, per-antenna PC-based PAPR reduc-
tion (PAPC) [20], [21] is applied with Jadd iterations in or-
der to achieve a lower PAPR at the cost of reduced through-
put. Maximum power threshold PU and minimum power
threshold PL are defined as the signal power threshold nor-
malized by the signal power per antenna averaged over the
channel realizations. The PAPR is defined as the ratio of the
peak signal power to the average signal power across all the
transmitter antennas per OFDM symbol. The sum through-
put of Nrx streams (users) is measured based on the Shannon
formula taking into account the Bussgang’s theorem [24].

Figure 4 shows the average R(mpc) as a function of PL
in the proposed PCCNC. The number of transmitter anten-
nas, Ntx, is set to 100. Threshold PU is 6 dB and itera-
tions of the proposed PCCNC, J, is parameterized from 1
to 20. Overall, the average R(mpc) increases by setting PL
to be larger than PL of −100 dB, which corresponds to the
conventional PCCNC. This suggests that the degradation in
the PAPR reduction effect accompanying the projection pro-
cessing onto the null space in the MIMO channel of the PC
signal vector can be alleviated using an appropriate PL in the
proposed PCCNC compared to that in the conventional PC-
CNC. As J is increased, the PL that maximizes the average
R(mpc) is decreased. This is because the transmission signal

Fig. 4 Average R(mpc) as a function of PL.

vector at J-th iteration x(J)[t] contains the PC signal vectors
that are added at up to J − 1 iterations, which increases the
correlation between null space K in the MIMO channel and
x(J)[t]. Therefore, the necessity for the PC signal compo-
nents to increase the power level of the signal below mini-
mum power threshold PL that has a positive correlation with
x[t] decreases, and a lower PL is considered to be optimum
from the viewpoint of maximizing the average R(mpc).

To estimate the degree of improvement in the PAPR re-
duction effect per added PC signal in the proposed method,
we evaluated the peak power reduction ratio, Gpeak, which is
defined as

Gpeak =

(
Aafter −

√
PU

Abefore −
√

PU

)2

. (10)

Here, Abefore and Aafter are the amplitudes of the peak signal
component before and after addition of the PC signal at the
J-th iteration, respectively. Ratio Gpeak is a measure of how
much the addition of the PC signal reduces the signal power
above maximum power threshold PU. Figure 5 shows the
average Gpeak as a function of PL for the proposed PCCNC.
Term Ntx is set to 100. Threshold PU is 6 dB and J is param-
eterized. The average Gpeak is decreased by appropriately
setting the PL levels for the respective J. From Figs. 4 and
5, we see that the best PL level that maximizes the average
R(mpc) coincides with the PL level that minimizes the aver-
age Gpeak for the respective J. This confirms the validity of
the analysis regarding the conditions for the PC signal vec-
tor to achieve a sufficient PAPR reduction capability after
projection onto the null space in the MIMO channel in this
paper.

In the proposed PCCNC, another factor that further re-
duces the PAPR compared to the conventional PCCNC is the
reduction of the variance in the average transmission signal
power among transmitter antennas after addition of the PC
signal. To assess this effect, the reduction rate of the vari-
ance in the average transmission signal power among trans-
mission antennas, Gant, is evaluated. Term Gant is defined
as
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Fig. 5 Average Gpeak as a function of PL.

Fig. 6 Average Gant as a function of PL.

Gant =
Var

[
P

prop.
n

]
Var

[
P

conv.
n

] . (11)

Here, Var
[
P

prop.
n

]
and Var

[
P

conv.
n

]
are the variance in the av-

erage transmission signal power among Ntx transmitter an-
tennas when the proposed PCCNC and the conventional PC-
CNC are used, respectively. Figure 6 shows the average Gant
as a function of PL. Term Ntx is set to 100. Number of itera-
tions J is set to 100 and PU is 6 dB. From Fig. 6, the variance
in the average transmission signal power among transmitter
antennas is suppressed by using the proposed PCCNC with
an appropriate setting for PL.

Figures 7 and 8 show the CCDF of the PAPR and
throughput, respectively. The proposed PCCNC with PL as
a parameter and the conventional PCCNC are tested. Term
Ntx is set to 100. Maximum power threshold PU and J are
set to 6 dB and 100, respectively. Term Jadd is set to 60.
Based on Fig. 7, the PAPR distribution of the proposed PC-
CNC is improved as PL is set larger. This is because the
proposed PCCNC increases the PAPR reduction effect after
the projection of the PC signal onto the null space in the
MIMO channel and reduces the average transmission power
variance among the transmitter antennas. From Fig. 8, the
throughput of the proposed PCCNC at the CCDF of 0.5
is most improved when PL is set between −2 dB and 2 dB.

Fig. 7 CCDF of PAPR.

Fig. 8 CCDF of throughput.

With this PL setting, the throughput with the proposed PC-
CNC is higher than that with the conventional PCCNC. This
is because the proposed PCCNC can sufficiently suppress
the peak power, and the subsequent PAPC does not need to
generate much of a PC signal to suppress the residual peaks.
Therefore, in the proposed method, interference caused by
the PC signal of PAPC can be decreased compared to that for
the conventional PCCNC. On the other hand, the throughput
of the proposed PCCNC with the relatively high PL value of
4 dB is degraded. This is because the transmission power
for data signal transmission is reduced since a large fraction
of the total transmission power is consumed for the PC sig-
nal transmission to increase the transmission power of the
signal component whose power is below minimum power
threshold PL.

Figure 9 shows the average throughput as a function
of the average PAPR. The proposed PCCNC with PL as a
parameter and the conventional PCCNC are tested. Term
Ntx is set to 100. The numbers of iterations of PCCNC and
PAPC, J and Jadd, are set to 100 and 60, respectively, for
both proposed and conventional PCCNCs. The relationship
between the average PAPR and the average throughput is
varied by changing PU for the respective methods. Figure 9



SAITO et al.: PEAK CANCELLATION SIGNAL GENERATION CONSIDERING VARIANCE IN SIGNAL POWER AMONG TRANSMITTER ANTENNAS
667

Fig. 9 Average throughput as a function of average PAPR.

Fig. 10 Average PAPR for required average throughput as a function of
J.

shows that the proposed method increases the throughput
compared to that for the conventional PCCNC for the same
required PAPR level, especially when the required PAPR is
small. This is because the proposed method achieves a suf-
ficient PAPR reduction more efficiently using the PC signal
directed to the null space in the MIMO channel by decorre-
lating the PC signal and transmission data signal. Further-
more, the proposed method suppresses the variance in the
average transmission signal power among transmitter anten-
nas, which directly contributes to the reduction in PAPR.

Figure 10 shows the average PAPR for the required av-
erage throughput of 42.5 b/s/Hz as a function of the number
of iterations, J. The proposed PCCNC with PL as a param-
eter and the conventional PCCNC are tested. Term Ntx is set
to 100. The numbers of iterations for PAPC, Jadd, is fixed
at 60 for all methods. For each J of the respective meth-
ods, PU is adjusted so that the required average throughput
of 42.5 b/s/Hz is satisfied. The proposed PCCNC decreases
the average PAPR compared to that for the conventional PC-

Fig. 11 Average Gpeak as a function of Ntx.

CNC for the same J. This is because the proposed PCCNC
achieves a superior PAPR reduction effect by decorrelating
the PC signal and transmission data signal, which also con-
tributes to reducing the variance in the average transmission
signal power among the transmitter antennas. As mentioned
in Sect. 3, the computational cost such as the required num-
ber of real multiplications per iteration for the proposed PC-
CNC is approximately the same as that for the conventional
one, since the proposed PCCNC only adds the process of the
minimum power threshold to the conventional one. There-
fore, the reduction in the required number of iterations for
achieving the same PAPR shown in Fig. 10 indicates that the
proposed PCCNC reduces the computational cost compared
to the previous PCCNC for achieving the same PAPR.

In the following, performance evaluations with various
Ntx are presented to assess the impact of the dimensions of
the null space in the MIMO channel on the performance of
the proposed method. Figure 11 shows the average Gpeak as
a function of Ntx. Terms J and PU are set to 1 and 6 dB, re-
spectively. The proposed PCCNC with the PL value of 4 dB
and conventional PCCNC are tested. Both the proposed
and conventional PCCNCs achieve lower average Gpeak as
Ntx is increased, thanks to the increased dimensions of the
null space in the MIMO channel. The proposed PCCNC
achieves a lower Gpeak than the conventional PCCNC re-
gardless of the Ntx value.

Figure 12 shows the average Gant as a function of Ntx.
Term J is set to 100. Thresholds PU and PL are set to 6 dB
and 4 dB, respectively. The average Gant is reduced as Ntx
is increased. Thus, the performance gain by using the pro-
posed PCCNC in terms of the reduction in the variance in
the average transmission signal power among transmitter
antennas is increased as the dimensions of the null space
in the MIMO channel increases.

Figure 13 shows the average throughput as a function
of the average PAPR. Term Ntx is parameterized from 20 to
1000. The proposed PCCNC with the PL value of 4 dB and
conventional PCCNC are tested. The relationship between
the average PAPR and the average throughput is varied by
changing PU for the respective methods. Terms J and Jadd
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Fig. 12 Average Gant as a function of Ntx.

Fig. 13 Average throughput as a function of average PAPR for various
Ntx.

are set to 100 and 60, respectively. Figure 13 shows that
the proposed PCCNC increases the throughput compared
to that for the conventional PCCNC for the same required
PAPR level, especially when the required PAPR is small.
The throughput gain by using the PCCNC compared to that
for the conventional one is increased as Ntx is increased.
This confirms that the proposed PCCNC is effective espe-
cially when the dimensions of the null space in the MIMO
channel are large.

Figure 14 shows the average PAPR for the required av-
erage throughput as a function of Ntx. The required aver-
age throughput for each Ntx is defined as the 95% value
of the achievable throughput when no PAPR reduction is
performed. The proposed PCCNC with the PL value of
4 dB and conventional PCCNC are tested. Terms J and Jadd
are set to 100 and 60, respectively, for both methods. The
proposed PCCNC achieves a lower PAPR than that for the
conventional one for all Ntx. The conventional PCCNC in-
creases the PAPR as Ntx is increased. This is mainly due
to the increased variance in the average transmission sig-
nal power among the transmitter antennas. On the other
hand, the proposed PCCNC significantly reduces the PAPR
by maintaining the PAPR reduction capability after project-
ing the PC signal vector onto the channel null and suppress-

Fig. 14 Average PAPR for required average throughput as a function of
Ntx.

ing the variance in the average transmission signal power
among the transmitter antennas when Ntx is very large.

5. Conclusion

This paper proposed a new generation method for the PC
signal vector, which has a component that increases the
transmission power of the transmission signal so that the
transmission signal power levels for all transmitter anten-
nas at the target timing can simultaneously be set equal to
or higher than the minimum power threshold. This is com-
pletely different from the conventional standard concept of
PAPR reduction, i.e., the clipping of the high peak power
components. This new idea decorrelates the PC signal vec-
tor and transmit data signal vector, and this enables more
PC signal components for PAPR reduction to be emitted to
the null space of the given MIMO channel. Furthermore,
the variance in the average transmission signal power lev-
els among antennas, which is one cause for the PAPR in-
crease in MIMO transmission with BF, can be suppressed.
As a result, the proposed method achieves a greater PAPR
reduction effect than the conventional method. This paper
assumes a frequency nonselective channel. The extension
of the proposed method to accommodate a frequency selec-
tive channel is possible by utilizing the approach in [18] for
example. Detailed investigation on extending the proposed
method to accommodate a frequency selective channel as
well as investigating a more power efficient construction for
the PC signal vector are left for future study.
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