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Abstract: Large-scale (LS) multi-user (MU) multiple input multiple output orthogonal frequency
division multiplexing (MIMO-OFDM) is considered to be a desirable signal transmission scheme
because it can significantly improve the energy efficiency (EE) and spectral efficiency (SE) of the
system. However, there are many difficulties in realizing an LS-MU-MIMO-OFDM system, and
one of these is its high peak-to-average power ratio (PAPR), which results in serious nonlinear
signal distortion and power inefficiency of the power amplifier (PA). LS-MIMO-OFDM systems
require a lot of PAs, which are necessary to be connected to each antenna. To compensate for the
PA nonlinearity and increase the efficiency, a digital pre-distorter (DPD) is very popular and has
been successfully implemented in current base stations (BSs). However, a DPD is very difficult
to use in an LS-MU-MIMO-OFDM system because it is expensive, but should be applied to
each antenna. Therefore, a considerate scheme of signal processing is necessary to cope with
the PA nonliearity issue of the LS-MU-MIMO-OFDM system. In this paper, we propose an
interference-aware iterative clipping and filtering peak-to-average power ratio (PAPR) reduction
scheme for LS-MU-MIMO-OFDM systems. In the proposed scheme, the clipping level in the clipping
process is adaptively adjusted based on any kind of interference level that exists in the general
communication environment. In particular, when matched filtering (MF) precoding is used for the
LS-MU-MIMO-OFDM, the inter-user interference (IUI) always exists with a practical number of
transmitter (TX) antennas, and this inevitable IUI level can be a decision point for the clipping ratio
(CR). Choosing a proper CR to make the clipping noise lower than IUI has a very high benefit for the
EE improvement of the system. The results of numerical analysis show that the proposed scheme can
induce a very effective peak-to-average power ratio (PAPR) performance with little SE loss.

Keywords: large-scale multi-user MIMO-OFDM; peak-to-average power ratio

1. Introduction

The ever increasing demand for high quality wireless services results in a high power
consumption of wireless systems, and multiple input multiple output (MIMO) systems are a key
technology for today’s wireless communications and have already been adopted in several standards,
i.e., 3GPP-LTE-A/Pro, IEEE 802.11n/ac/ax, etc. A traditional point-to-point MIMO system normally
uses almost the same number of transmitter (TX)/receiver (RX) antennas to maximize the channel
capacity. The 3GPP LTE-Advanced standard (Release 11) incorporates up to eight TX antennas for a
real implementation. Increasing the number of TX antennas to hundreds or more is well-known to
result in enormous capacity gains. Keeping this in mind, Marzetta suggested a MIMO system with
hundreds of TX antennas [1–3], which is referred to as a massive MIMO or large-scale (LS) MIMO
system. The LS-MIMO system transmits dozens of different signal streams to dozens of different users
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with same time-frequency resources. Thus, it is a kind of multi-user (MU) MIMO system that performs
point-to-multi-point communications [4]. The LS-MIMO system can also be used to achieve a high
energy efficiency (EE) because if we increase the number of TX antennas with a limited number of RX
antennas, we can generate an excessive amount of beamforming gain, which consequently gives us an
opportunity to reduce the radiation power [5–8].

There are many research challenges to realize an LS-MIMO system. A lot of antennas must be
packed in a limited space; thus, using fractal antennas can be a great help [9–16]. Another important
thing to consider is that it requires a lot of power amplifiers (PAs), which must be connected to each
antenna. The PA is the most expensive and power hungry device in a modern base station (BS). Current
PA suffers nonlinear distortion and/or low EE since the high peak-to-average power ratio (PAPR) of the
orthogonal frequency division multiplexing (OFDM) signal hinders the efficient use of the PA. For the
amplification, we could employ a PA with high levels of input back-off (IBO) to achieve a large linear
dynamic range, but this approach results in power inefficiency. Therefore, a low complexity signal
processing technique with little distortion is essential to improve the EE of the LS-MU-MIMO-OFDM.
A current BS uses a digital pre-distorter (DPD) to reduce the nonlinear distortion and/or improve
the EE of the BS [17]. For the LS-MU-MIMO-OFDM system, however, it requires many DPDs, which
must be connected to many PAs/antennas. Thus, these can not be used due to their high price and
complexity. Some related techniques to improve the EE of PA, such as envelope elimination and
restoration (EER) [18] and envelop tracking (ET) [19] are also very popular. In particular, the ET
technique could be used in conjunction with the power allocation techniques in MIMO systems to
optimize the overall system performance and power efficiency. EER and ET must also be applied to
each PA, and thus these are very difficult to be applied to the LS-MU-MIMO-OFDM due to many
PAs. As previously mentioned, simply increasing the IBO is not very helpful because it reduces the
EE. Due to the practical importance of this problem, various OFDM PAPR reduction techniques have
been introduced in the literature [20] such as clipping and filtering (CAF) [21–23], selected mapping
(SLM) [24–26], partial transmission sequence (PTS) [27,28], tone reservation/active constellation
extension [29–31], block coding [32], and companding [33], etc. In addition, single-carrier frequency
division multiple access (SC-FDMA) or DFT-S-OFDMA has already been adopted in 3GPP-LTE-(A)
for an uplink signal to improve the EE of the terminals [34,35]. Most of the techniques that have
been introduced consider a single input single output (SISO) system, since the PAPR reduction is
usually applied separately for each TX antenna. Several MIMO-OFDM PAPR reduction techniques
that use cross antenna processing or something similar were also introduced in [36–39]. Cross antenna
processing can reduce the PAPR of the OFDM signal using an extended space domain, but this can
only be applied to a special type of signal structure. In addition, a large amount of side information is
needed to apply it to LS-MIMO-OFDM systems [37].

2. Approach

In this paper, we propose an interference-aware CAF PAPR reduction scheme for
LS-MU-MIMO-OFDM systems. The PAPR reduction approach from LS-MU-MIMO-OFDM should be
different from that of traditional MIMO-OFDM. The distinctive characteristic of LS-MU-MIMO-OFDM
is an excessive number of TX antennas. This characteristic requires a simple and effective PAPR
reduction technique rather than a performance-centric technique. The CAF technique can be a good
solution for such a purpose [22,23]. Even though CAF is also applied to each antenna, the complexity
and price are much lower than DPD. Simply applying the CAF to each TX antenna separately is
not so meaningful. Instead, the CAF inevitably accompanies clipping distortion noise. Since the
LS-MU-MIMO-OFDM transmits dozens of streams with an excessive number of TX antennas, we can
successfully use the inter-user interference (IUI) to suppress the clipping distortion effect. In the
proposed scheme, the clipping level is adaptively adjusted based on the IUI information, and the
distortion is suppressed under IUI by adaptively adjusting the CAF level. Comparing with other
techniques that require high complexity and price, the proposed scheme can simply increase the EE.
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Numerical analysis shows that the proposed scheme provides a very high PAPR performance with
little spectral efficiency (SE) loss.

In what follows, the system model is described in Section 3. Section 4 presents the proposed
interference aware clipping scheme to suppress the clipping distortion effect. Section 5 provides the
spectral efficiency, bit error rate (BER), and PAPR performance analysis based on the proposed scheme.
Finally, the conclusions are given in Section 6.

3. System Model

In this section, we introduce the LS-MU-MIMO-OFDM system model and PAPR of the OFDM signal.

3.1. LS-MU-MIMO-OFDM with Precoding

Let us consider a single isolated LS-MU-MIMO-OFDM cell with one BS and U terminals. The BS
has Nt TX antennas, and each terminal has only one RX antenna. For the LS-MU-MIMO-OFDM system,
a cyclic prefix (CP) is necessary to remove the inter-symbol interference (ISI). If the CP is longer than the
multipath delay spread, individual frequency carriers experience a flat fading channel, and the received
kth frequency domain signal vector Y[k](= [Y1[k], Y2[k], . . . , YK[k]]T) can be represented as follows:

Y[k] =
√

PtxH[k]X[k] + N[k], (1)

where Y[k] is the U × 1 received vector for each terminal, Ptx is the total TX power for the forward
link, and H[k] is the U × Nt small scale i.i.d. Rayleigh fading channel matrix between Nt BS antennas
and U terminals, X[k] is the Nt × 1 signal vector, and N[k] is the U × 1 additive white Gaussian noise
(AWGN) vector. Note that Nt is much larger than U in the LS-MIMO system, and U message signals
must be mapped to Nt antennas. It is also worth noting that power allocation scheme is easier to use
in the LS-MIMO-OFDM systems due to the channel hardening effect [5]. The precoding process can
reduce the IUI, there are two representative precoding schemes, which are matched filtering (MF)
and zero forcing (ZF), for LS-MIMO systems. Even though singular value decomposition (SVD) [40]
and geometric mean decomposition (GMD) [41] are also very elegant schemes to reduce the IUI,
they are not applicable to LS-MIMO-OFDM because both schemes require full downlink channel
information at all RXs, and thus are not fit for the point-to-multipoint communication systems such as
LS-MIMO-OFDM.

The advantages of MF precoding are its simplicity and good availability for distributed LS-MIMO
systems. Therefore, the MF (W = N−1

t HH) precoding [1] is used in this paper.
The transmitted signal X[k] can be represented as follows:

X[k] = ζW[k]S[k], (2)

where ζ is the TX power normalization factor, which is approximated as ζ ≈
√

Nt
K , W[k] is the Nt ×U

precoding matrix to reduce the IUI, and S[k] is the U × 1 message signal vector.
The system parameters are summarized in Table 1. We use the the system parameters which are

in current LTE system [1].

Table 1. System parameters.

Parameter Description Value

Tsl Slot length 0.5 ms
Tp Pilot length in one slot 0.214 ms
Ts Symbol duration 71.4 us
Tg Guard Interval (GI) 4.7 us
Tu Symbol without GI 66.7 us
Td Delay spread 4.7 us
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3.2. Peak-To-Average Power Ratio

When the frequency domain OFDM signal of the tth antenna is denoted as Xt =

[Xt[0], Xt[1], . . . , Xt[N − 1]]T , the time domain signal xt can be represented as

xt = FH
NXt, t = 1, . . . , Nt, (3)

where FH
N is the N-point Inverse fast Fourier transform (IFFT) matrix, which can be represented as

Fn,k =
1√
N

e−j2πnk/N , 0 ≤ n, k ≤ N − 1, and xt(n) = 1√
N

N−1
∑

k=0
Xt[k]ej2πnk/N .

The PAPR of the OFDM signal for the t th antenna can be expressed as

PAPR =
LN · ‖xo

t ‖
2
∞

E[‖xo
t ‖

2
2]

, (4)

where xo
t is the oversampled signal of xt and L is the oversampling factor to catch the PAPR of analog

domain. E[·], ‖xo
t ‖∞, and ‖xo

t ‖2 denote the expectation of [·], the l∞-norm, and l2-norm of vector xo
t ,

respectively. Most of the nonlinear distortion due to high PAPR are caused in the analog domain,
but most of the signal processing for PAPR reduction are performed in the digital domain. The PAPR of
digital domain is not necessarily the same as the PAPR of the analog domain. However, it is well-known
that four-times of oversampling (L = 4) is sufficient to satisfactorily approximate the PAPR of the
analog domain [42]. For simplicity, from now on, we omit the oversampling superscription.

Since the clipping process is performed in each antenna, the output of the clipping process can be
expressed as follows:

x̂t(n) =

{
xt(n), |xt(n)| ≤ Amax,

Amaxejθn , |xt(n)| > Amax,
(5)

where xt(n) is the OFDM signal before the clipping process, Amax is the maximum allowable signal
amplitude and θn is the phase of the OFDM signal. The clipping level can be set using the clipping
ratio (CR), ν which is expressed as follows [17]:

ν =
Amax√

Pin
, (6)

where Pin is the average input power of the OFDM signal. The maximum allowable signal amplitude
should be determined by PA input linear dynamic range. Reducing Pin reduces nonlinear distortion,
however, also reduces power efficiency. Reducing Pin is called as input back-off (IBO) that we
mentioned previously.

The spectrum leakage after clipping can be a serious problem to the adjacent channel. To prevent
this problem, filtering after clipping is quite useful. However, the filtering procedure causes
a peak-regrowth of the time domain OFDM signal. Thus, iterative clipping and filtering is widely
used to suppress it [22]. In this paper, five times of iteration, which is reasonable for a real
system, are performed to ensure satisfactory performance in both out-of-band radiation and in-band
PAPR reduction.

4. Interference-Aware Clipping Scheme

In this section, we propose the IUI-aware CAF scheme and related analysis for the MF precoded
LS-MIMO-OFDM system.

4.1. Clipping Noise Analysis

As shown in [43], the clipped time-domain OFDM signal in Equation (5) can be expressed as the
output of the memoryless nonlinear transformation of the Gaussian random variables as follows:
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x̂t(n) = αtxt(n) + d′t(n), 0 ≤ n ≤ N − 1, (7)

where αt is the attenuation factor, and d′t(n) is the in-band clipping noise.
The frequency representation of the clipping noise d′t(n) can be written as

D′t[k] =
1√
N

N−1

∑
n=0

d′t(n)e
−j2πnk/N . (8)

As the number of subcarriers increases, D′t[k] approaches a complex Gaussian random variable
with zero mean due to the central limit theorem. According to Parseval’s theorem, the expectation of
the |D′t[k]|2, E(|D′t[k]|2) can also be calculated in the time domain. From Equation (5), the distortion
|d′t(n)| can be given by

|d′t(n)| = |xt(n)| − Amax, |x(n)| > Amax. (9)

Since it is well-known that the amplitude of the OFDM signal, |xt(n)| has Rayleigh distribution,
the average distortion power, E(|d′t(n)|

2) can be expressed as follows:

E(
∣∣d′t(n)∣∣2) = ∫ ∞

Amax
(r− Amax)

2 p|xt(n)|(r)dr, (10)

where p|xt(n)|(r) is the Rayleigh probability density function (pdf). Then, from Equation (10) [23],

E(|d′t(n)|
2) =

∫ ∞
Amax

(r2 − 2rAmax + A2
max)

r
σ2 e−

r2

2σ2 dr

= 2σ2Γ(2, A2
max

2σ2 )− 2
√

2AmaxσΓ( 3
2 , A2

max
2σ2 ) + A2

maxe−
A2

max
2σ2

= e−
A2

max
2σ2 (A2

max + 2σ2)− 2A2
maxe−

A2
max
2σ2

−
√

2πAmaxσer f c(
√

A2
max

2σ2 ) + A2
maxe−

Amax
2σ2

= 2σ2e−
A2

max
2σ2 −

√
2πAmaxσer f c(

√
A2

max
2σ2 ),

(11)

where σ2 is a half of the power of |xt(n)|, and Γ(a, b) is the upper incomplete gamma function,

Γ(a, b) =
∫ ∞

b
ta−1e−tdt, (12)

and er f c(a) is the complementary error function

er f c(a) =
2√
π

∫ ∞

a
e−t2

dt. (13)

If we assume the signal power is normalized to unity, Equation (11) can be simplified as

E(
∣∣d′t(n)∣∣2) = e−ν2 −

√
πν · er f c(ν). (14)

Equation (14) is only valid for a signal that does not use oversampling and iteration.
Without oversampling and iteration, the clipping and filtering (CAF) scheme is meaningless in a real
situation. We propose a simplified empirical model of the distortion power for iterative clipping and
filtering (ICAF) with an oversampling scheme, which can be represented as

E(
∣∣∣d′t, ica f (n)

∣∣∣2) = η · (e−ν2 −
√

πν · er f c(ν)), (15)

where η is the adjustable factor of the ICAF distortion power. Using Equation (15), we can decide the
clipping threshold, which will be shown in the following subsection.
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4.2. Clipping Ratio Decision Criterion

The clipped transmitter (TX) signal in the frequency domain, X̂t[k], is the combination of message
signals, Sl [k], l = 1, 2, . . . , U, and the relationship can be represented as

X̂t[k] = αt

U

∑
l=1

Wt,l [k]Sl [k] + D′t[k]. (16)

The U × Nt channel matrix, H[k] can be represented as,

H[k] =


H1,1[k] H1,2[k] · · · H1,Nt [k]
H2,1[k] H2,2[k] · · · H2,Nt [k]

...
...

. . .
...

HU,1[k] HU,2[k] · · · HU,Nt [k]



=


H1,:[k]
H2,:[k]

...
HU,:[k]

 ,

(17)

where Hi,:[k] is the 1× Nt channel vector for the ith user.
The Nt ×U precoding matrix, W[k] can be represented as

W[k] =


W1,1[k] W1,2[k] · · · W1,U [k]
W2,1[k] W2,2[k] · · · W2,U [k]

...
...

. . .
...

WNt ,1[k] WNt ,2[k] · · · WNt ,U [k]


= (W:,1[k] W:,2[k] · · · W:,U [k]) ,

(18)

where W:,i[k] is the Nt × 1 channel vector for the ith user.
Then, the effective channel at the receiver after precoding, H[k] ·W[k], can be represented as

H[k] ·W[k] =


H1,:[k]
H2,:[k]

...
HU,:[k]

 · (W:,1[k] W:,2[k] · · · W:,U [k])

=



H1,:[k] ·W:,1[k] H1,:[k] ·W:,2[k] · · · H1,:[k] ·W:,U [k]
H2,:[k] ·W:,1[k] H2,:[k] ·W:,2[k] · · · H2,:[k] ·W:,U [k]

...
...

. . .
...

Hi,:[k] ·W:,1[k] Hi,:[k] ·W:,2[k] · · · Hi,:[k] ·W:,U [k]
...

...
. . .

...
HU,:[k] ·W:,1[k] HU,:[k] ·W:,2[k] · · · HU,:[k] ·W:,U [k]


.

(19)

Based on Equation (19), after compensating the αt, the symbol received by the ith user is given by
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Yi[k] =
√

Ptx Nt
K Hi,:[k]W:,i[k]Si[k]

+
√

Ptx Nt
K ∑l 6=i Hi,:[k]W:,l [k]Sl [k]

+
√

Ptx Nt
K Hi,:[k]D[k] + Ni[k],

(20)

where Hi,:[k] is the 1× Nt channel vector of the k-th subcarrier for the i-th user, W:,i[k] is the Nt × 1
precoding vector of k-th subcarrier for the i-th user, Si is the k-th subcarrier message signal for the i-th
user, D[k] is the Nt × 1 clipping distortion vector, and Ni[k] is the k-th subcarrier AWGN for i-th user.
The second line of Equation (20) is the IUI term.

From Equation (20), the effective signal-to-interference and noise ratio (SINR), γk, can be
represented as follows:

γk[k] =
Ptx Nt

K |Hi,:[k]W:,i[k]|2
Ptx Nt

K
[
|∑l 6=i Hi,:[k]W:,l [k]|2 + |Hi,:[k]]D[k]|2

]
+ N0B

. (21)

Compared to the IUI, the clipping noise can be considered to be negligible in LS-MU-MIMO-OFDM,
if the following condition is satisfied:

|Hi,:[k]D[k]|2 � |∑
l 6=i

Hi,:[k]W:,l [k]|2. (22)

The example for the validation of Equation (22) will be shown in Table 2.

Table 2. An Example of a Look-UP Table (LUT) to determine ν.

Nt ξ ν ς

50 0.7352 3 0.0619
100 0.3852 4 0.0270
200 0.1897 5 0.0108
300 0.1333 6 0.0038
400 0.0897 7 0.0009882
500 0.0776 8 0.0002922
600 0.0646 9 0.0000276

Since Hi,:[k] has zero mean and unit variance i.i.d. Rayleigh distribution characteristics, and is
independent from D[k], the expectation of (22) can be approximated as

E
[
|D[k]|2

]
� E

[
|∑

l 6=i
Hi,:[k]W:,l [k]|2

]
. (23)

In the case of MF precoding, Equation (23) can be rewritten as

E
[
|D[k]|2

]
� E

[
|∑l 6=i Hi,:[k]HH

:,l [k]|
2

Nt

]
, (24)

and it means that the ν can be decided based on IUI and/or the channel condition. Based on the result,
we can decide the decision boundary of ν. The amount of clipping distortion can be confined as

Mmin
Nt
· E
[
|∑

l 6=i
Hi,:[k]HH

:,l [k]|
2

]
≤ E

[
|D[k]|2

]
≤ Mmax

Nt
· E
[
|∑

l 6=i
Hi,:[k]HH

:,l [k]|
2

]
. (25)
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Note that the value of Mmin should be decided sufficiently high for a satisfactory energy efficiency
increment, and also Mmax should be decided low enough to satisfy the error vector magnitude (EVM)
requirement. We use the IUI term in the lower bound for consistency.

It is obvious that the normalized clipping distortion power (when the TX power is unity), D2 is
a function of ν, i.e., f (ν) = D2, and as shown in Equation (15). The relationship between ν and D2,
where ν is increased as D2 is decreased, will be shown in the following subsection. We can decide a
relevant ν based on Equation (25) as follows:

ν→ f−1

(
ϕ

Nt
· E
[
|∑

l 6=i
Hi,:[k]HH

:,l [k]|
2]

])
. (26)

Note that the determination of constant ϕ is the system designer’s choice. Here, we can regard
the subcarrier index, k, as arbitrary, since the clipping noise has fallen onto all subcarriers randomly.
In a real system, Equation (26) can be implemented by using a look-up table (LUT). One example of a
LUT is shown in Table 2.

In the table, the left column shows the normalized IUI, ξ for each Nt, and the right column shows
the normalized distortion noise, ς = D2 for each ν(dB). A system designer determines ν depending
on the normalized IUI power ξ and ς. Note that the condition for satisfactory performance is ξ >> ς.
It will be more clear if you see the performance analysis in the following section.

4.3. SIR, SCR, and Effective SINR

In the previous subsection, we showed how to determine ν in LS-MU-MIMO-OFDM systems.
In this subsection, we show the simulation results of signal-to-interference ratio (SIR) and
signal-to-clipping distortion ratio (SCR) to show what level of ν is appropriate in usual operating
situations. Based on these, we present the SNR versus effective SINR.

Figure 1 shows the SIR variation as the number of antennas/users increases. It is obvious that
increasing the number of antennas guarantees a low IUI. We use Nt = 10 K, since it is the minimum
required number of TX antennas to show an LS-MIMO channel hardening effect. In this case, the SIR is
around 10 dB as shown in Figure 1. Even though this level of IUI is nothing to sneeze at, the LS-MIMO
can increase the spectral efficiency significantly by transmitting dozens of streams coincidentally using
an excessive amount of antennas.

Number of users, U
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d
B

)

0

10

20

30

40

Number of antennas, N
t

0 500 1000 1500 2000 2500 3000 3500 4000

S
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 (
d
B
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0

10

20
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40
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U=40

N
t
=1000

Figure 1. Signal-to-interference ratio as a function of Nt and U. As increasing Nt or reducing U,
the signal-to-inference radio becomes higher.
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Now, let us check the SCR and EVM, which is shown in Figure 2. To measure the EVM, we use
the following equation:

EVM =

√√√√√√∑
n
|xt(n)− x̂t(n)|2

∑
n
|xt(n)|2

. (27)
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0
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80

CR, ν (dB)

S
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R
 (
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)

 

 

Iter=1

Iter=5
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80
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E
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Iter=5

Figure 2. Signal-to-clipping distortion radio (SCR) and error vector magnitude (EVM) as increasing
clipping ratio, ν. The dotted line indicates the case of no iteration, and the solid line indicates the case
of Iter = 5.

If we see the case of Iter = 5 (5 iterations), which is reasonable for a real system, the range of ν

could be between 3 dB to 5 dB, remembering that the SIR is around 10 dB. Clipping without iteration
causes a serious peak-regrowth, and this is not suitable for a real system. When we choose ν = 3 dB,
the SCR is already close to 10 dB, which is the same level as the SIR, and less than this would cause
serious performance degradation. When we choose ν = 5 dB, the SCR is around 20 dB, which is 10 dB
higher than SIR. Choosing higher than 5 dB is not so meaningful since a lower ν gives better EE.

In the 3GPP-LTE-(A) standard, there are EVM requirements for each modulation. Even though
the LS-MIMO system would be used beyond an LTE-Advanced system, backward compatibility could
be necessary. Since the worst case EVM requirement for 3GPP-LTE-(A) is 17.5%, ν should be higher
than 4 dB to satisfy the 3GPP LTE-(A) requirement.

The visualized example of the interference and clipping noise level is shown in Figure 3. Higher
clipping ratios result in less clipping distortion. However, using LS-MIMO with MF precoding, there
always exists relatively high IUI, thus a relatively low clipping ratio can be successfully applied.
In LS-MIMO, the level of interference can be easily detected due to the law of large numbers. As Nt

increases, the interference level converges to a certain point.
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Figure 3. Visualized example of inter-user interference and clipping distortion level (ν = 2, 3, 4,
Nt = 400, U = 40).

Now, we present an analysis of the effective SINR. Before showing the effective SINR, the clipping
distortion noise should be investigated. We proposed a new normalized distortion power model
in Equation (15), and we give a comparison of the simulation and analysis to show the validity of the
proposed model in Figure 4.
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Figure 4. Normalized distortion power versus clipping ratio (CR), ν (dB).

The red lines indicate the analytical results, and the blue lines indicate the results of simulation.
In the case without oversampling, the analytical result exactly matches the results of simulation.
However, this case is meaningless in a real situation. As the number of iterations increases, the clipping
distortion power also increases. We use the adjustable factors in Table 3 for the analytical results. Table 3
shows the relationship between η and the number of iterations, Iter. Without oversampling, η = 1 and
Equation (15) with this value is well-matched with the simulation result. However, with oversampling,
η > 1, and η increases as the number of iterations increases. This is due to the fact that, as Iter increases,
the distortion power also increases. Adopting adjustable factor in the nonlinear process is very general,
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and the approximation of the oversampled complementary comulative distribution function (CCDF)
also has been successfully applied [44].

Table 3. Adjustable factor, η.

Iter = 2 Iter = 3 Iter = 4 Iter = 5

η 1.5 2 2.3 2.85

As observed, the analytical results are well-matched with the simulation results. We set the
number of iterations as 5 in the scheme to show the numerical analysis and validity. This number
of iterations can be reduced in any kind of situation. The amount of peak-regrowth is also heavily
dependent on the number of iterations. We assume that five number of iterations is reasonable as both
latency and peak-regrowth view points. The reasonable number of iterations can be chosen based on
real implement situations.

Figure 5 gives the effective SINR versus SNR (dB), and the analytical results are also well-matched
with simulation results. In particular, when ν is above 4 dB, the analytic results more closely match the
results of simulation, and this is a very desirable result because most practical systems use the ν above
4 dB as evidenced from the EVM requirement.
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Figure 5. The effective SINR versus SNR (dB), when Iter = 5.

5. Numerical Results

In this section, the spectral efficiency (SE), PAPR, and BER performance are analyzed with various
CRs via computer simulations. We use the LS-MU-MIMO-OFDM system with Nt = 400, U = 40.

Figure 6 shows the SE performance in terms of the SNR for various CRs, ν. For Figure 6, we use
the equation below:

R ≈ ε ·
K
∑

k=1
E [log2 (1 + γk)] , (28)

where ε =
(

Tsl−Tp
Tsl

)
·
(

Tu
Ts

)
is the scaling factor for the pilot overhead and guard interval [1].

As witnessed, a typical SINR of MF precoded LS-MIMO is around less than 10 dB, thus QPSK
modulation is used. Even though MF precoded LS-MIMO has worse BER, it can achieve very high SE
due to the multi-user characteristics. Forty UEs can receive the signal from 400 antennas coincidently.
Thus, the SE per UE should be divided by 40 from Figure 6. When we use the clipping ratios, which are
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in the ellipse ]1, there is little degradation in the SE performance. As shown in Figure 2 of the previous
subsection, choosing ν higher than 6 dB means SCR is much higher than 20 dB; thus, in this case, there
is almost no performance degradation. The curves in the ellipse ]2 accompany a little bit of the SE
performance degradation. However, it can definitely improve the PAPR performance. In particular,
the case of ν = 5 dB is included for both groups (ellipse ]1 and ]2), and this case can be a very good
alternative to improve the PAPR with little loss in the SE. The curves in the ellipse ]3 may not be the
region of interest. Even if they can improve PAPR significantly, the SE performance degradation is
quite severe, and this cannot be compensated by increasing the effective transmit power with a large
number of antennas. When ν = 3 dB, from Figure 2, the SCR becomes 10 dB, and it means that the
clipping distortion is already almost the same level as the IUI. What we would like to say here is that
there is a systematic logic in choosing the appropriate ν (dB) in the proposed scheme.
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Figure 6. SE performance (Nt = 400, U = 40) based on various CR, ν. The ellipse ]1 includes ν = 5, 6, 7, ∞,
the ellipse ]2 includes ν = 3, 4, 5, the ellipse ]3 includes ν = 0, 1, 2.

Figure 7 shows the BER performance based on various CR. Note that MF precoding with LS-MIMO
is effective in a low SNR region. When we use the clipping ratios in the ellipse ]1, there is little BER
performance degradation. As we can see from Figure 2 of the previous subsection, choosing ν

higher than 6 dB means SCR is higher than 20 dB. Thus, it obviously shows almost no performance
degradation. The curves in the ellipse ]2 accompany a little degradation in the BER performance.
However, it can definitely improve the PAPR performance. In particular, ν = 5 dB is included in
both groups (ellipse ]1 and ]2), and it can be a very good alternative to improve the PAPR with little
loss in the BER. The curves in the ellipse ]3 are not the region of interest. Even if they can improve
PAPR significantly, the BER performance degradation is quite severe, and cannot be compensated by
increasing the effective transmit power with a large number of antennas. When ν = 3 dB, from Figure 2,
the SCR becomes 10 dB, which means that the clipping distortion is already almost on the same level
with the IUI. Thus, the logic of operation using the BER criterion is the same as using the SE criterion.
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Figure 8 shows PAPR performance for various ν. When we choose complementary cumulative
distribution function (CCDF) = 10−3, and ν = 4~5 dB, the amount of PAPR reduction is around
6–7 dB. This means that the proposed LS-MU-MIMO-OFDM clipping technique can significantly
increase the PAPR performance with little SE performance loss. It is obvious that when the operating
parameters/environment changes, the relevant ν also changes. However, the decision for ν would
follow the same analysis we showed. Even though we only use the IUI in this paper, the proposed
technique can use any kind of unavoidable interference in wireless communication environments,
i.e., inter-cell interference, inter-frequency interference, etc. Since the environment always changes
depending on situations, the proposed scheme should be used with an adaptive technique based on
various related parameters. Basically, it shows that the proposed scheme can increase EE significantly
in any wireless communication environments. The increase of EE is coming from the increase of the
PA efficiency, which can be achieved from the efficient PAPR reduction using the proposed scheme.
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Figure 8. PAPR performance of various ν. The dotted line stands for no iteration, the solid line stands
for Iter = 5.
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6. Conclusions

In this paper, we have proposed an interference-aware iterative clipping and filtering PAPR
reduction scheme for the LS-MU-MIMO-OFDM system. To deal with an LS-MIMO-OFDM system
that has a large number of TX antennas, low complexity is one of the most important factors. Iterative
clipping and filtering is a very powerful PAPR reduction technique for LS-MIMO-OFDM due to its
simplicity and effectiveness. However, the clipping noise can be a serious problem because it can
cause a performance degradation. We showed that the clipping noise can be buried in the IUI, if we
carefully choose the CR depending on the IUI and/or channel condition. Then, we can improve the EE
of the system with little performance penalty. Choosing the appropriate CR is very important and the
appropriate CR can change depending on the situation. The adaptive choice of CR can be a great help.
Comparing with other techniques which require high complexity and price, the proposed scheme
can simply increase the EE. To validate the proposed scheme, we compared the SIR and SCR and
determined the approximate range of CR, ν(dB). Then, we analysed the normalized distortion power
for the iterative clipping and filtering technique to derive the theoretical effective SINR. We presented
various performances of the proposed scheme, SE, BER, and PAPR, and showed that the proposed
scheme has very effective PAPR performance with little SE/BER performance loss. The proposed
scheme can be a useful design method to increase the EE of the LS-MIMO-OFDM systems.
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