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ABSTRACT In wireless communications, higher transmission power enables higher coverage or higher
data rate. However, due to hardware limitations, achieving high power efficiency becomes challenging. The
main issue is that at high power region close to power amplifier (PA) saturation point the highly non-linear
response of the PA leads to significant spectral regrowth. In such a case, waveforms with inherently good
spectral containment allow for more spectral degradation and can be seen as the most effective solution for
the problem. In this study, a fifth-generation new radio (5G NR) user equipment (UE) transmit power is
improved by utilizing fast-convolution filtered orthogonal-frequency-division-multiplexing (FC-F-OFDM)
waveform, which has an excellent spectral containment performance. A novel method is proposed for
improving the peak-to-average-power ratio (PAPR) of FC-F-OFDM waveform, based on applying clipping
before FC processing and allocating the clipping noise that stems from the applied clipping, over not only on
active band, but a wider band consisting of both the in-band and guard-band regions. An accurate transmitter
chain simulator including a measured memory-polynomial model of a practical PA is used to evaluate a
wide set of different subcarrier spacings and channel bandwidths. Then, to validate the numerical results,
a software-defined radio (SDR) based testbed is created and the modeled PA is used in this testbed. Weighted
overlap-and-add (WOLA) based OFDM, also with clipping, is used as a reference in both the numerical
evaluations and in measurements. For both waveforms, the transmitted signal quality, out-of-band emissions,
andmaximumPAoutput powers aremeasured under 5GNR specifications and results for different subcarrier
spacings and channel bandwidths are provided to prove the benefits and robustness of the presented
FC-F-OFDM approach.

INDEX TERMS Fifth-generation new radio (5G-NR), fast convolution (FC), filtered OFDM, physical layer,
prototype, software-defined radio (SDR), power amplifier (PA), weighted overlap-and-add (WOLA), peak-
to-average-power ratio (PAPR).

I. INTRODUCTION
The fifth-generation New Radio (5G NR) mobile commu-
nication systems offer dramatic improvements in data rate
thanks to the utilization of significantly wider channel band-
widths and new carrier frequencies [1]–[3]. Improvements
in latency are also expected with the support of multiple
subcarrier spacings (SCSs) in different frequency ranges and
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operating bands as well as by mini-slot based transmission.
The 90% spectral utilization that is achieved with current
long-term evolution (LTE) systems is further improved with
5G NR. While higher spectral utilization directly increases
the throughput, it also introduces more strict requirements
for the filtering or time-domain windowing used to constrain
spectral emissions.

Cyclic prefix (CP) orthogonal frequency-division multi-
plexing (OFDM) is the main physical layer radio access
technology of 5G NR downlink and uplink (UL) due to its

89946 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/ VOLUME 8, 2020

https://orcid.org/0000-0002-5743-733X
https://orcid.org/0000-0002-4987-6500
https://orcid.org/0000-0002-9248-0835
https://orcid.org/0000-0002-4665-9332
https://orcid.org/0000-0002-1037-2882
https://orcid.org/0000-0002-3354-8887
https://orcid.org/0000-0001-5416-5263
https://orcid.org/0000-0001-8567-5549
https://orcid.org/0000-0003-1548-6851
https://orcid.org/0000-0003-0361-0800
https://orcid.org/0000-0002-3719-3710


S. Gökceli et al.: SDR Prototype for Clipped and Fast-Convolution Filtered OFDM for 5G NR Uplink

advantages such as good compatibility with multiple-input
multiple-output (MIMO) operation, coexistence with legacy
systems, and suitability for fragmented spectrum utiliza-
tion. However, CP-OFDM has also some critical limitations.
As the main issues, baseline CP-OFDM has a poor spec-
tral containment performance and, due to its high peak-to-
average power ratio (PAPR), power amplifier (PA) related
nonlinearities may further limit the transmission quality. Dis-
crete Fourier transform (DFT)-precoded OFDM (also known
as DFT-spread-OFDM (DFT-s-OFDM)) is widely used for
addressing the PAPR issue in OFDM-based systems, espe-
cially for UL transmission in power-limited scenarios [4].
However, it also has poor spectral containment performance
and it does not support MIMO operation so well as
CP-OFDM, which is suitable for frequency-domain schedul-
ing and has a straightforward receiver structure [5].

Weighted overlap-and-add (WOLA) based OFDM
(WOLA-OFDM) [6], is the best known and most trivial
waveform processing method to improve CP-OFDM spectral
containment performance by limiting the out-of-band (OOB)
emissions in the transmitter (TX) and reducing the mixed
numerology interference in the receiver (RX) [7], [8]. In order
to overcome the spectral leakage induced by the rectangular
pulse shape of baseline CP-OFDM, a smoother and longer
pulse shape is obtained in WOLA processing by cyclically
extending and windowing CP-OFDM symbols. The draw-
back of such windowing is the overhead in time domain
which, however, can be relaxed by overlap-and-add (OLA)
processing between the extended symbols.

In this study, experimental implementation of clipped and
fast-convolution (FC) filtered CP-OFDM (FC-F-OFDM) is
described and a universal software radio peripheral (USRP)-
based software-defined radio (SDR) prototype implementa-
tion is realized. As this work focuses onUL transmissions and
due toWOLA-OFDM’s suitability for ULTXprocessing, it is
selected as the reference method and an SDR implementation
of a WOLA-OFDM TX is also a part of this work. Com-
prehensive comparisons are provided by considering mean
squared error (MSE), out-of-band (OOB) emissions, and
adjacent-channel-leakage-ratio (ACLR) as the performance
metrics following the latest 5G NR user equipment (UE)
requirements for Frequency Range 1 (FR1) [9].

As mentioned, high PAPR significantly decreases the
PA efficiency and baseline CP-OFDM processing results in
signals with high PAPR levels. Therefore, a simple clip-
ping is applied on CP-OFDM signals before FC or WOLA
processing. Such a simple amplitude clipping mechanism is
not optimal but other well-known PAPR reduction methods
increase the complexity significantly. Therefore, in order to
keep the UE complexity low, only clipping is preferred as the
PAPR reduction method.

As the main outcome of this study, the maximum
achievable transmission power levels of FC-F-OFDM and
WOLA-OFDM are investigated and compared. Increasing
the transmission power increases the OOB emissions of the
PA and, therefore, low PAPR and good spectral containment

are key factors to maximize the PA power efficiency. Good
spectral containment is also essential for various 5G NR
use cases with critical performance requirements, such as
mixed-numerology operation.

The main novelties of this article can be summarized as
follows
• A USRP-based SDR prototype is created to realize
5G NR UL transmission and to investigate the max-
imum achievable transmission power level of clipped
FC-F-OFDM and WOLA-OFDM. Testbed is imple-
mented based on corresponding 5G NR requirements
and related performance metrics.

• Memory-polynomial PA modeling is utilized to model
the PA used in the testbed. By using the obtained PA
model, a simulator is created to find the optimal param-
eters that result in maximum transmission power levels.
Accurate simulation model allows to scan more param-
eter combinations more easily and then representative
cases are verified by the implemented SDR prototype.

• A comprehensive performance evaluation over all
subcarrier spacings supported by 5G NR with all
supported maximum transmission bandwidth configura-
tions is provided by the numerical results. In the mea-
surements, 30 kHz SCS is used and selected channel
bandwidths are evaluated. In addition, OOB emissions
and ACLRmetrics are also considered in the evaluation.

• The CP-OFDM processing is combined with ampli-
tude clipping and FC filtering is used to attenuate the
OOB emissions caused by clipping noise. Although
WOLA-OFDM cannot reduce the OOB emissions
induced by clipping, we show that with moderate clip-
ping targets, the UE transmission power can be slightly
increased.

• Novel filter passband extension (FPE) method is pro-
posed to improve the PAPR performance and trans-
mission power level of FC-F-OFDM waveform with
CP-OFDM clipping. At large, all the presented results
indicate that FC-F-OFDM can provide larger transmis-
sion power than WOLA-OFDM.

The rest of the paper is organized as follows. In Section II
the current state of the art is described in more detail accom-
panied with additional details on the novelties of this work.
Then, in Section III, details of the considered waveform pro-
cessing techniques applied on top of the clipped CP-OFDM
waveform and PA modeling are presented. In Section IV,
the USRP-based SDR prototype testbed and the evaluated 5G
NR transmitter emission requirements are explained. Then,
in Section V, the USRP-based SDR prototype measurement
results are analyzed and discussed together with supporting
numerical evaluations. Finally, the conclusions are drawn
in Section VI.

II. STATE-OF-THE-ART AND NOVELTY
In related literature, various filtering and time-domain win-
dowing based enhancements of CP-OFDM have been exten-
sively studied [7], [8], [10]–[15]. Subband filtering-based
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CP-OFDM enhancements offer flexible design and good
spectral containment performance, which are the main rea-
sons for the popularity of these waveforms in the recent term.
Nevertheless, time-domain realization of subband-filtering
schemes is not efficient [12]. Furthermore, these schemes
cannot be straightforwardly configured based on essential 5G
NR requirements that necessitate heterogeneous configura-
tion of different numerologies for different subbands, band-
width parts, or channel bandwidths. These constraints limit
the potentiality of these waveforms. Much of the related ear-
lier research work has focused on evaluating waveforms that
do not fulfill the transparent processing requirement specified
for 5G NR implementations working on top of CP-OFDM
waveforms [16]–[18]. In [19], a more similar study was
conducted including experimental investigation of the effects
of a non-linear PA and other hardware-related distortions
on CP-OFDM, WOLA-OFDM, and block-filtered OFDM.
In our work, we provide comprehensive performance evalua-
tion over all subcarrier spacings supported by 5G NR with
selected channel bandwidths representing low-, medium-,
and high-performance UE devices. In addition, the most
recent 3GPP specifications related to OOB emissions and
ACLR requirements are fulfilled to increase the practical
value of the presented results.

By targeting the issues associated with subband
filtering-based waveforms, the FC-F-OFDM waveform was
proposed in [12], [20]. Fast-convolution facilitates an effi-
cient frequency-domain filtering and its combination with
CP-OFDM waveforms brings significant advantages. The
effective subband processing mechanism provides an excel-
lent spectral containment performance, and channelization of
different numerologies based on subband-specific require-
ments can easily be achieved. These advantages are quite
important as the main requirements of 5G NR that are
associated with the subband-specific allocation and spectral
utilization can be met by FC-F-OFDM waveforms. Further-
more, FC-F-OFDM also provides a very good TX MSE per-
formance. As another important benefit, FC-F-OFDM TX or
RX processing is directly compatible with CP-OFDM TX or
RX processing, respectively [21]. Furthermore, FC filtering
can be used with single-carrier or precoded OFDM-based
waveforms and their variants such as [22], [23]. However,
in this study, only CP-OFDM is considered and use of
FCfilteringwith other possible waveformswill be considered
in the future studies.

Asmentioned,WOLA-OFDM is quite effective processing
in terms of spectral containment. However, its PAPR per-
formance is not different from that of CP-OFDM. In line
with this, clipping can be used and, it has been observed
that combiningWOLA-OFDMwith simple clipping does not
cause any issue as long as the targeted PAPR levels do not lead
to significant OOB emissions. On the other hand, clipping
combined with FC filtering inherently provides significantly
better OOB emission performance but causes an increase in
PAPR, as the filter effectively shapes the frequency response
of the so-called peak-cancellation signal. In order to decrease

this effect, a novel clipping noise allocation mechanism,
so-called FPE, is proposed. Accordingly, as FC-F-OFDM
allows to use very narrow guard bands, the passband of
the channel filter is increased to allow wider clipping noise
response, without violating the OOB requirements. As it
will be shown with measurement and simulation results,
FC-F-OFDM supports very low PAPR levels because it can
effectively attenuate the OOB emission caused by clipping
and therefore it provides higher transmission power than
WOLA-OFDM, which confirms the discussion presented
in [24]. For interested reader, more advanced techniques
relating to, e.g., base-station implementation and enabling
support for mixed-numerology signal PAPR reduction and
transmission are described in [25].

The presented evaluations also require an extensive search
over a large parameter set and such an extensive search in
real time is not practical. Therefore, the PA used in the
testbed is characterized by using a memory-polynomial PA
modeling approach. This model is then used in the developed
simulator to accurately model the PA distortion as observed
in the implemented testbed. Parameter search is done with
the simulator based on 5G NR Release 15 requirements and
maximum achievable power levels are identified for each
waveform. As the final step, measurements are conducted
by using the created SDR prototype testbed with the iden-
tified parameters to verify the obtained simulation results.
With realistic transceiver nodes and a PA that is considered
to be compatible to 5G NR UE hardware, a comprehen-
sive test environment is provided for an extensive waveform
comparison.

III. WAVEFORM AND POWER AMPLIFIER MODELING
A. FC-F-OFDM PROCESSING
A block diagram of the implementation of FC-F-OFDM pro-
cessing is shown in Fig. 1. Although in 5G NR Release 15 [3]
UEs are not mandated to support multiple bandwidth parts
or mixed-numerology operation, we describe the general
FC-F-OFDM scheme supporting M independently parame-
terized bandwidth parts or subbands. First,M subband signals
are generated with CP-OFDM processing and then multirate
processing is realized with FC processing, which enables the
efficient implementation of a high-order filter in frequency
domain [12]. Accordingly, CP-OFDMprocessing that is asso-
ciated with ‘‘OFDM TX processing’’ phase in the block
diagram can be expressed for the mth subband with subband
index m ∈ {0, 1, . . . ,M − 1} as

x̄t,m = fCLIP
(
xt,m

)
, (1a)

where

xt,m = vec
(
TCP,mW−1OFDM,mXf,m

)
. (1b)

Moreover, TCP,m, W−1OFDM,m, and Xf,m represent the
(LOFDM,m + LCP,m) × LOFDM,m CP insertion matrix,
LOFDM,m × LOFDM,m inverse DFT (IDFT) matrix, and
LOFDM,m × Sm frequency-domain data matrix (including
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FIGURE 1. Block diagram of the FC-F-OFDM transmitter processing for
the mth subband.

LACT,m active subcarriers and zero padding) for Sm OFDM
symbols, respectively. Here, LOFDM,m represents the trans-
form size of OFDM processing and in this case, it is equal
to nominal transform size LNOM,m, i.e., LOFDM,m = LNOM,m.
Moreover, vec(·) represents vectorization operation, that is,
vertically stacking the columns of the input matrix. Here,
the columns correspond to the CP-OFDM symbols at input
sample rate. In order to reduce the PAPR level of the signal,
clipping is also applied in this phase and this operation is
denoted as

fCLIP(x) =

{
x, if |x| ≤ γ

Ae 6 x , if |x| > γ
(2)

where 6 x and |x| denote the phase angle and modulus of
a complex number x, respectively. Moreover, γ is the clip-
ping threshold and A is the amplitude threshold value that
is computed as A = γ

√
E(|x|2) where E(·) represents

the expectation operator. Throughout the paper, subindices t
and f are used to differentiate between time-domain and
frequency-domain signals, respectively.

Next, in the FC processing part that is denoted as ‘‘Single
subband of FC based TX processing’’ in the block dia-
gram, subband signals are divided into overlapping blocks of
length Lm with overlap of LO,m samples and non-overlapping

blocks of length LS,m = Lm − LO,m with the overlap factor
of λ = 1 − LS,m/Lm. It should be noted that, in this work,
overlap factor of λ = 1/2 is assumed as it provides good
trade-off between performance and complexity [12], [20].
Then, conversion from time to frequency domain is realized
by a Lm-point DFT and frequency-domain subband based
multirate filtering is applied. This phase can be summarized
as

Uf,m =MmDmP(Lm/2)
m WFC,mBt,m2m, (3)

where Bt,m represents the Lm×RFC matrix that contains RFC
overlapping blocks taken from x̄t,m, WFC,m represents the
Lm × Lm DFT matrix and P(Lm/2)

m represents the DFT-shift
matrix obtained by cyclically shifting left the Lm×Lm identity
matrix by Lm/2 positions. Moreover,Dm denotes the Lm×Lm
diagonal matrix that contains the frequency-domain window
weights dm of the mth subband on the main diagonal that
corresponds to the DFT of a finite-length linear-phase fil-
ter impulse response. Matrix Mm of size N × Lm realizes
mapping of input’s Lm frequency-domain bins to output sig-
nal’s frequency-domain bins (cm − dLm/2e + b)N for b =
0, 1, . . . ,Lm−1 where cm and (·)N represent the center of the
mth subband and modulo-N operation, respectively. More-
over, IDFT transform length is given as N = NOSLOFDM,m,
where NOS represents the oversampling factor used for accu-
rate evaluation of PAPR [26]. In addition, the diagonal matrix
2m of size RFC × RFC realizes the rotation of phases of the
r th block by [2m]r,r = exp(j2πrθm) with θm = cmLS,m/Lm.
In this way, phase continuity between consecutive blocks is
achieved. It should be noted, that the phase rotation carried
out in TX FC processing is transparent to RX, that is, plain
CP-OFDM processing can be used on the RX side if desired.

Finally, ‘‘Common TX FC processing for all subbands’’
phase in the block diagram of Fig. 1 depicts the final step of
the FC processing where overlap-and-save (OLS) processing
is applied and time-domain output blocks are truncated to
NS = (1− λ)N samples. This can be summarized as

yt = vec

(
SNW−1FC

M−1∑
m=0

Uf,m

)
, (4)

where W−1FC is the N ×N IDFT matrix and SN represents the
Ns × N selection matrix that selects the required Ns samples
corresponding to OLS processing.

In the beginning,‘‘OFDM TX processing’’ module gener-
ates the corresponding number of samples that is required to
match the symbol duration of LOFDM,m+LCP,m. Then, the fol-
lowing FC filtering modules increase the sample rate by the
factor of Im = N/Lm = NS/LS,m. Required sample-rate
conversion can be easily realized by configuring the forward
and inverse transform lengths. In this way, FC processing pro-
vides a straightforward sample-rate conversion mechanism.

To show the advantages of the FC-F-OFDM wave-
form, its performance is compared with CP-OFDM and
WOLA-OFDM in terms of power-spectral density (PSD),
ACLR, PAPR, MSE, and bit-error rate (BER). The MSE
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FIGURE 2. Simulation results of CP-OFDM, WOLA-OFDM, and FC-F-OFDM in terms of PSD, ACLR, PAPR, MSE, and BER with respect to different clipping
targets, are shown for 5 MHz 5G NR channel with 30 kHz SCS in (a), (b), (c), and (d), respectively. The 5G NR and UTRA ACLR requirement thresholds
are shown with dashed and dashed-dot lines in (b). The BER simulation results with 64-QAM modulation are shown using the dashed line in (d).

metric represents the average squared difference between the
transmitted and the received symbols. Furthermore, ACLR
metric represents the ratio of the filtered mean power of the
operating 5G NR channel and the filtered mean power of an
adjacent 5G NR channel [9]. In the evaluation, a 5MHz 5G
NR channel with 30 kHz SCS is considered and the other
utilized parameters are given in Table 1.
Obtained simulation results are presented in Fig. 2. Firstly,

PSD responses are evaluated in Fig. 2(a), by considering
the clipping target of 6 dB. Here, it should be noted that
passband power levels are normalized to the transmission
power of 23 dBm. As can be seen, FC-F-OFDM has excellent
spectral containment performance and it clearly satisfies the
spectrum emission-mask requirements. On the other hand,
CP-OFDM does not have a good spectral containment perfor-
mance and performance of the WOLA-OFDM also degrades
because of the OOB emissions caused by the clipping.

Secondly, ACLR performance with respect to differ-
ent clipping targets is compared. As shown in Fig. 2(b),
FC-F-OFDM has an excellent ACLR performance and even
when clipping target is quite low, anACLR value of 80 dB can

TABLE 1. The main physical layer parameters.

be obtained. On the other hand, as expected, WOLA-OFDM
has better ACLR performance than that of CP-OFDM,
but it is significantly worse than that of FC-F-OFDM.
Because of the limited ACLR performance, CP-OFDM is not
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considered in the maximum transmission power evalu-
ation. Thirdly, as shown in Fig. 2(c), CP-OFDM and
WOLA-OFDM have quite good PAPR performance with
clipping and, PAPR level down to 3.5 dB can be achieved.
On the other hand, as explained, FC filtering causes an
increase in PAPR, but still PAPR level down to 5 dB can
be achieved with FC-F-OFDM. Finally, MSE and BER are
evaluated together by considering different clipping targets,
and 64-QAMmodulation is used in this evaluation. As shown
in Fig. 2(d), results are more or less same for all waveforms.

As the overall observation, plain CP-OFDM is not a
feasible choice for transmission due to the limited ACLR
performance, especially if we note the 36 dB UTRA ACLR
requirement [9] for 5G NR and UTRA co-existence. On the
other hand, ACLR performance of WOLA-OFDM is good
but it is significantly worse than that of FC-F-OFDM.
Because of that, a higher transmission power can be
expected with FC-F-OFDM, although its PAPR performance
might be the limiting factor. To understand the differences,
WOLA-OFDM and FC-F-OFDM are compared shortly with
a realistic simulator and also with experimental measure-
ments to evaluate the difference in terms of the UE transmis-
sion power.

B. FILTER PASSBAND EXTENSION
Clipping operation that is applied in ‘‘OFDMTXprocessing’’
module shown in Fig. 1 reduces the PAPR level effectively,
but causes an increase in OOB emissions that should be lim-
ited to achieve good spectral containment performance. In the
conventional iterative clipping and filtering (ICF) method
[27], OOB emissions induced by clipping are removed in
an iterative process of OFDM symbol-wise clipping and
frequency-domain nulling of clipping noise outside active
subcarriers. In the proposed model, a FC filtering based
solution effectively reduces the OOB emissions. In this
novel scheme, the iterative OFDM symbol-wise frequency-
domain filtering phase of ICF-like methods is replaced with
non-iterative FC filtering, providing much better spectral
containment than conventional ICF solutions and with lower
computational complexity.

Themain drawback of FC filtering is the increase of PAPR.
In order to balance between excellent OOB emission capabil-
ities and the negative effect on PAPR performance, the FPE
is proposed. Accordingly, the passband of the FC filter is
extended to allow clipping noise at the guard bands of the
channel. Guard bands are essentially extra bands reserved for
transmitter induced spectral spreading and, thus, well suited
for allocating the clipping noise.

An example frequency-domain window used in FC pro-
cessing is illustrated in Fig. 3. The transition-band details
are also shown in this figure. Similar to previous example,
a 5MHz 5G-NR channel with 30 kHz SCS is configured. The
number of transition band weights is selected as eight bins
and FPE size is two PRBs. The number of active PRBs is 11
and, therefore, the extended passband consists of 13 PRBs
(one additional PRB on both sides of the active

FIGURE 3. Illustration of frequency-domain window used in FC
processing and the concept of filter passband extension.

subcarriers.) Similar to this example, with FC filtering in
general and also with FPE method, the passband adjustment
can easily be achieved by tuning the number of ones in the
frequency-domain window corresponding to desired pass-
band width.

In order to illustrate the concept and also analyze the per-
formance of the proposed FPEmethod, an analytical model is
formulated. Filtering the clipped signal is of great importance
in order to satisfy the emission requirements. In line with this,
the FPE method basically allows us to use a wider passband
for FC filter instead of the normal passband size correspond-
ing to band containing only the active subcarriers. In this way,
improvement in PAPR performance can be expected.

To analyze the effect of FPE method on spectral con-
tainment and PAPR performance, an analytical frequency
response of the filter can be used in analysis. How-
ever, in order to simplify the the derivation, an ideal
frequency-domain brick-wall filter is evaluated in the theoret-
ical analysis. First of all, analytical PSD of the clipped signal
and magnitude response of the clipping noise are required.
Based on the Bussgang theorem [28], nth sample of the
clipped time-domain OFDM signal can be obtained as

x̄t[n] = αxt[n]+ dt[n], (5)

where dt[n] represents the nth sample of the uncorrelated
clipping noise and α represents the attenuation factor. Here,
the subband indexm is omitted for simplicity. In line with the
analytical models shown in [26] and [29], with the condition
of u 6= 0, the autocorrelation of the clipped signal can be
expressed as

Rx̄[u] , E[x̄t[n+ u]x̄∗t [n]]

= ρx[u]
(
1− ρ2x [u]

)2 ∞∑
k=0

ρ2kx [u]
(
k + 1

)
VOLUME 8, 2020 89951
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FIGURE 4. To illustrate the effect of FPE on the spectral containment performance of CP-OFDM, for clipping target of 3.5 dB, the simulated and
analytical PSD responses are shown in (a) and (b), respectively. Moreover, simulated and analytical results are shown in (c) for total clipping
noise power with respect to different FPE sizes. The PAPR performance results of FPE method for two different CCDF values are shown in (d).
Here, 5 MHz NR channel and 30 kHz SCS are configured and FPE size of 8 PRBs is used in (a) and (b). In (c) and (d), different FPE sizes possible
with the oversampled DFT size are evaluated.

×

{
W [u] exp

(
ln0(k +

3
2
)− ln0(k + 2)

)
×

(
1−P

(
k+

3
2
,W 2[u]

))
+P

(
k+2,W 2[u]

)}2
,

(6)

where ρx[u] = Rx[u]/Rx[0] is the correlation coefficient
for uth sample and Rx[u] represents the uth sample of the
autocorrelation of the input OFDM signal. Moreover, Rx[0]
can be expressed as Rx[0] = Pout = (1 − e−γ )Pin where
Pin represents the average input power of the OFDM signal
before the clipping. Besides, ln0(·) and P(·) represent the
log-gamma and incomplete gamma functions, respectively.
In addition,

W [u] =
√

γ

1− ρ2x [u]
. (7)

In line with these, correlation function of the uncorrelated
clipping noise signal can be expressed as

Rd[u] = Rx̄[u]− α2 Rx[u]. (8)

The, PSD of the uncorrelated clipping noise can be obtained
as

pd[k] =
1
N

N−1∑
u=0

Rd[u] exp
(
−j2πku
N

)
. (9)

Then total clipping noise power that is obtained after filtering
with FPE can be derived as

PD =
Lact,ext/2−1∑
k=−Lact,ext/2

pd[k], (10)

where Lact,ext represents the number of bins included in the
extended passband.

Based on this model, analytical and simulated PSD
responses are generated. Illustrations are given in Fig. 4,
where PSD and PAPR performance of CP-OFDM with dif-
ferent FPE cases are shown. Here, a 5MHz 5G NR channel
with 30 kHz SCS is configured and target PAPR level is
configured as 3.5 dB. Corresponding UL spectrum emission
mask [9, Section 6] is also included for reference.
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FIGURE 5. (a) Simulated PSD response and (b) PAPR performance for the FC filtering based FPE method. Here, 5 MHz NR channel and 30 kHz
SCS are configured whereas other utilized parameters corresponding to FC processing are given in Table 1.

In Fig. 4(a), PSD of the clipping noise, clipped data as well
as clipped and filtered data are shown. Here, rectangular filter
with FPE size of 8 PRBs is used in the filtering phase and its
effect on the OOB emissions can be seen from the difference
between the only clipped signal and, clipped and filtered
signal. Here, FPE size is equal to total number of extra PRBs
in both sides, so if FPE size is equal to 8, this means that there
are 4 PRBs extra in both sides. It can be seen that simulated
PSD response for clipping noise given in Fig. 4(a) matches
the analytical one shown in Fig. 4(b). When clipped signal
is considered, it can be seen that simulated and analytical
PSD responses perfectly match as well.

Similarly, as shown in Fig. 4(c), when the total power
of the filtered clipping noise is considered, a good match
between the simulation and analytical results can be obtained.
In Fig. 4(c), total power of the clipping noise is evaluated for
different sizes of FPE andmatch between the results holds for
all considered FPE values.

In general, the selection of appropriate FPE size is vital to
reduce the PAPR, as it can be seen from Fig. 4(d). Of course,
maximum FPE size is limited by the channel bandwidth and
allocation size, where the maximum FPE size is equal to
8 PRBs for this numerology. According to results in Fig. 4(d)
which correspond to complementary, cumulative distribution
function (CCDF) probability levels of 1% and 0.01% respec-
tively, a significant improvement in PAPR can be obtained
up to FPE size of 200 subcarriers. As a viable option, FPE
size of 8 PRBs (corresponding to 96 subcarriers) also reduces
the PAPR significantly and this proves the benefit of FPE
method. If these results are compared with the ones shown
in Fig. 4(c), it is clear that when total clipping noise power
increases, the filtered PAPR decreases as well. Furthermore,
these results also interpret the relation between the bandwidth
of the signal with respect to the bandwidth of the clipping
noise when PAPR reduction saturates. For the considered
numerology, FPE size up to 200 subcarriers provides sig-
nificant PAPR reduction, indicating that clipping noise most

significant for PAPR reduction spans approximately 1.7 times
the bandwidth of the original signal.

The FPE concept is also presented for FC processing
in Fig. 5. It should be noted that ‘‘OFDM TX process-
ing’’ stage remains the same, only the FC filtering step of
‘‘Single subband of FC-based TX processing’’ stage is
modified by allocating a wider passband in the generation
of frequency-domain window dm, as illustrated in Fig. 3.
In Fig. 5, CP-OFDM parameters and PAPR target correspond
to configuration in Fig. 4. When compared to the original
PSD response, it can be seen that FPE sizes of two PRBs and
four PRBs result in a considerable emissions in guardband
and FPE size of four results in emissions outside the channel
bandwidth as well. However, these FPE values do not violate
the spectrum emission requirements as shown in Fig. 5(a).
Beside emission performance, PAPR performance of the

method is also important. As shown in Fig. 5(b), FPE allows
to reduce the PAPR of the transmitted signal. Even though the
obtained improvement is limited, such an improvement might
still be beneficial considering the complicated PAPR behav-
ior of FC processing. In the following evaluations, spectral
emission mask requirements and good PAPR performance
are considered as main criteria and FPE sizes are configured
based on these requirements. Therefore, filling the whole
channel with clipping noise is targeted and the corresponding
FPE size changes per SCS and channel bandwidth. Further-
more, additional PAPR reduction gain could be achieved with
reduced allocation size, and the optimization of throughput
performance with respect to allocation size and transmission
power is an interesting topic for future studies.

In order to show the advantage of using FC filter over
rectangular filter and benefit of combining it with FPE, for
different FPE sizes, simulated ACLR performance of FC is
compared with the analytical and simulated ACLR perfor-
mance results of the CP-OFDM waveform with rectangular
filter. Obtained results are presented in Fig. 6. It is clear that
FC filter provides a significantly better performance than the
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FIGURE 6. For the clipping target of 3.5 dB, simulated ACLR performance
of FC filter and, analytical and simulated ACLR performance of CP-OFDM
with rectangular filter are shown.

rectangular filter, and allows to use FPE size up to 50 subcar-
riers while maintaining extremely good ACLR performance.
The simulator and measurement based performance evalua-
tion are preferred to analyze the possible transmission power
gains that can be obtained with FC filter and as it will be
shown with different results, FC filter can support quite high
transmission power levels.

C. WOLA-OFDM PROCESSING
In the WOLA-OFDM case, oversampling is applied in
CP-OFDM processing and the transform size is equal to
the oversampled nominal transform size, i.e., LOFDM,m =
NOSLNOM,m. Transmitter-side WOLA-OFDM processing
can be formally defined as

yt =
M−1∑
m=0

KmfCLIP
(
vec

(
W−1OFDM,mXf,m

))
, (11)

where Km of size
(
Sm(LOFDM,m + LCP,m) + LEXT,m

)
×

LOFDM,m is a block-diagonal matrix with Sm copies of sub-
matrix Om on its main diagonal, that can be represented as

Km =



Om · · · 0

... Om
...

0 · · · Om


. (12)

Above submatrix Om of size LWOLA,m × LOFDM,m imple-
ments the extension of symbol length by a length of LCP,m +
LEXT,m samples, with prefix extension of length of LCP,m +
LEXT,m

2 and postfix extension of length of LEXT,m2 . Accordingly,
total length of extended symbol is equal to LWOLA,m =

LOFDM,m + LCP,m + LEXT,m. The nonzero elements of Om
are illustrated in Fig. 8(a) and nonzero elements of Km
matrix are shown in Fig. 8(b) for Sm = 3. It should be

FIGURE 7. Block diagram for the WOLA-OFDM transmitter processing of
the mth subband.

FIGURE 8. Nonzero elements of Om and Km are shown in (a) and (b),
respectively.

noted that the last LEXT,m rows of preceding Om matrix
and first LEXT,m rows of following Om matrix are placed
at the same rows, representing the OLA processing. The
nonzero elements of the first LEXT,m rows contain the lead-
ing edge weights of the raised-cosine window. Similarly,
the nonzero elements of the last LEXT,m rows include the trail-
ing edge weights. In summary, Om can be defined as Om =

Dt,mTEXT,m, where Dt,m is a time-domain windowing matrix
of size LWOLA,m × LWOLA,m that contains the time-domain
weights wt,m[n] on its diagonal. Moreover, TEXT,m repre-
sents the time-domain cyclic-extension matrix that is of size
LWOLA,m × LOFDM,m.

Overall, Km matrix represents the TX-side WOLA pro-
cessing and accordingly, the time-domain OFDM symbols
are extended to symbol duration of LWOLA,m, multiplied
sample-wise by the time-domain window function, and con-
catenated using the OLA processing. These steps are shown
in the block diagram given in Fig. 7. The submatrices of
Km contain time-domain raised-cosine window weights on
the corresponding indices and realize the WOLA operation.
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These weights can be expressed as [7]

wt,m[n] =


1− tt[n], 0 ≤ n < αLWOLA,m,

tt[n], (1− α)LWOLA,m ≤ n < LWOLA,m,

1, otherwise,
(13)

where n denotes the time-domain sample index, α represents
the roll-off factor, and tt[n] = 1

2 (1 + ct[n]) with ct[n] =
cos(πn/(αLWOLA,m)).

D. COMPUTATIONAL COMPLEXITY COMPARISON
BETWEEN FC-F-OFDM AND WOLA-OFDM
In this section the computational complexity of
FC-F-OFDM and WOLA-OFDM waveforms is evaluated in
detail. It is assumed that both waveforms use real weighting
windows and that all subbands generate the same number of
samples.

The computation of an FFT or IFFT of size L is assumed
to take

MULFFT(L) = L[log2(L)− 3]+ 4 (14a)

real multiplications and

ADDFFT(L) = 3L[log2(L)− 1]+ 4 (14b)

real additions, according to details given in [30].
FC processing requires the computation of Lm-point FFT

and frequency-domain windowing for each of the RFC FC
blocks in the subband specific processing. Moreover,N -point
IFFT is also needed for each of the RFC FC blocks to create
the output time-domain samples. In total, the number of real
multiplications and additions required for FC-F-OFDM can
be expressed as

MULFC

= RFCMULFFT(N )

+

M−1∑
m=0

(
4RFCLTBW,m + SmMULFFT(LNOM,m)

+RFCMULFFT(Lm)
)
, (15a)

ADDFC

= RFCADDFFT(N )

+

M−1∑
m=0

(
SmADDFFT(LNOM,m)+RFCADDFFT(Lm)

)
. (15b)

In the WOLA-OFDM case, besides CP-OFDM process-
ing, windowing process also causes some computations
and the total number of real multiplications and additions
required for WOLA-OFDM processing can be represented
as

MULWOLA =

M−1∑
m=0

(
4SmLEXT,m

+SmMULFFT(NOSLNOM,m)
)
, (16a)

TABLE 2. Relative complexity of FC-F-OFDM with respect to WOLA-OFDM
processing (in percentage) for three SCSs and three 5G NR bandwidths.

ADDWOLA = 2(M − 1)SmNOSLNOM,m

+

M−1∑
m=0

(
2(Sm − 1)LEXT,m

+ SmADDFFT(NOSLNOM,m)
)
. (16b)

A complexity comparison based on these expressions is
given in Table 2. In this analysis, parameters given in Table 1
are utilized with three different 5G NR transmission band-
width configurations corresponding to 5MHz, 20MHz, and
100MHz channel bandwidths [9]. Moreover, two different
SCS cases that are 15 kHz and 60 kHz are also evaluated.
According to results, the real multiplications and additions
required by FC-F-OFDMare approximately 2.7 and 2.8 times
the complexity of WOLA-OFDM, respectively. However,
this study focuses on the single-subband case, which is in
favor of WOLA-OFDM in terms of complexity. When mul-
tiple subbands are configured, the difference decreases as
WOLA requires separate, oversampled OFDM transform for
each of the M subbands. Besides, when considering the per-
formance, in most cases FC-F-OFDM provides significantly
better results, as will be shown in Section V.

E. POWER AMPLIFIER MODEL
In general, PA behavioral modeling refers to the extraction of
a mathematical representation that approximates the transfer
function of a PA under certain conditions [31]. Such model
can be extracted based on the input and measured output
data samples of the PA. Consequently, the RF circuit of the
PA itself can be seen as a black box, avoiding the modeling
of a complex analog circuit.

In order to extract the desired behavioral model of an
arbitrary device under test (DUT), it should first be excited
under appropriate operating conditions, as its behavior could
vary whenmeasuring at a different operating point. For exam-
ple, the behavior of the DUT could change when excited
with different input power levels, PAPR values, bandwidth,
temperature, etc. In this work, different PA models have been
specifically measured for different power levels and for dif-
ferent PAPR values, in order to provide realistic environment
for the simulator.

Once the DUT is correctly excited, some specific math-
ematical formulation for the model needs to be chosen.
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FIGURE 9. Block diagram and photograph of the considered USRP-based SDR prototype measurement setup are shown in (a) and (b), respectively.

There is a vast study of this topic in the literature [32],
where different approaches have been compared. The key
idea regarding these methods is to get an acceptable mod-
eling performance–complexity trade-off, according to the
desired application. In our work, we have adopted the
memory-polynomial (MP) model to extract the PA behavior.
In general, the MP model has been proven to provide good
modeling performance, while maintaining a moderate level
of complexity [33]. It can be expressed mathematically as

zt[n] =
Q∑
q=0

W∑
v=0

[βPA](q(W+1)+v+1)yt[n−q] |yt[n−q]|
2v , (17)

where yt[n] and zt[n] represent the input and output signals of
the DUT, V = 2W withW ∈ N is the considered nonlinearty
order, and Q represent the memory of the MP model whereas
vector βPA of size (Q + 1)(W + 1) × 1 contains the coef-
ficients to be extracted, modeling the behavior of the PA.
Here, the notation [βPA](p) denotes the pth element of the
vector βPA. As the input and output signals are known,
βPA can be straightforwardly extracted by fitting techniques.
In this work, the block-based least squares (LS) approach has
been used for solving the direct model parameters, consider-
ing a data block of size NB, as

βPA = (8H
t 8t)−18H

t zt, (18)

where zt is the output data vector, and 8t contains the PA
input basis functions matrix, in this case the linear and non-
linear polynomials up until sixth order, for each time instant n.
Formally, the basis functionmatrix of sizeNB×(Q+1)(W+1)
can be expressed as

8t =
[
φ0,0 φ1,0 · · · φW ,0

φ0,1 φ1,1 · · · φW ,1 · · ·

φ0,Q φ1,Q · · · φW ,Q
]
, (19a)

where

φv,q =


yt[n− q] |yt[n− q]|2v

yt[n− q+1] |yt[n− q+1]|2v
...

yt[n+NB − 1− q] |yt[n+NB − 1− q]|2v

 . (19b)

IV. TESTBED DETAILS
A. SDR PROTOTYPE MEASUREMENT SETUP
An SDR-based testbed is created to extensively analyze the
maximum achievable transmission power and also to mea-
sure different performance metrics. In this testbed, UL trans-
mission scenario is evaluated and both FC-F-OFDM and
WOLA-OFDM waveforms are implemented. The block dia-
gram and photograph of the testbed are shown in Fig. 9. In this
testbed, a host PC takes care of TX baseband signal process-
ing using LabVIEW environment. This includes CP-OFDM
signal generation with clipping to reduce the PAPR level
as well as FC or WOLA processing steps. After the host
PC has generated the baseband signal, these pre-calculated
I/Q samples are transferred to NI USRP-2954 RIO SDR via
PCIe x4 connection. The USRP supports the considered car-
rier frequency of 3.5GHz and instantaneous bandwidth up to
160MHz [34], and in this testbed it is used for implementing
UE TX. This includes RF modulation and pre-amplification.
The RF signal transmitted by the USRP is fed into 3 dB

power splitter in order to divide it between a Rohde &
Schwarz (R&S) NRP-Z11 power meter and an external PA.
This enables simultaneous signal transmission and power
monitoring. The main reasons of power measurement are to
validate that the signal power fluctuations are below 0.2 dB
and that all the transmitted signals have the same power level.
The NRP-Z11 power meter supports an input power up to
23 dBm and frequency range from 10MHz to 8GHz [35].
The R&S Power Viewer tool is used for monitoring the
measured power level with the host PC to which the power
meter is connected with an USB cable. The PA of the testbed
is Mini-Circuits ZHL-4240+ that provides 42 dB gain with
a high third-order output intercept point (OIP3) of 38 dBm
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in the operating carrier frequency of 3.5GHz and it supports
operation in frequencies from 0.7GHz to 4.2GHz [36].

The testbed uses NI PXIe-5840 vector signal
transceiver (VST) as an RX and it supports instantaneous
bandwidth up to 1GHz [37] making it suitable for eval-
uating 5G NR OOB emissions and 5G NR ACLR. The
VST tolerates input power up to 33 dBm, but in order to
guarantee that the receiver is working on its linear region,
a 34 dB attenuator is used between the PA and the VST.
The baseband signal processing of the received signal is
performed on the host PC and corresponding performance
metrics are evaluated. In the reception phase, estimation and
correction of timing offset and carrier frequency offset are
achieved by exploiting correlation between CP portions [38].
Moreover, comb-type pilot allocation with one-dimensional
frequency-domain interpolation is utilized to estimate the
channel, followed by zero-forcing equalization [39]. Here,
we prefer using comb-type structure because we focus on
CP-OFDM based UL in this study. The comb-type allo-
cation is realized by allocating every sixth subcarrier as
the pilot tone and channel coefficients for five data tones
are estimated by using two successive pilot tones in the
interpolation.

All the processing occurring on the host PCs are imple-
mented using LabVIEW environment with necessary hard-
ware and communications libraries. It is worth noting that
the host PCs use offline processing for generating/processing
a single data block that goes through the actual commu-
nications hardware. This is a valid approach for fast and
flexible high-bandwidth waveform prototyping without the
need for more laborious and expensive real-time FPGA or
ASIC implementation.

B. 5G NR UE TRANSMITTER RF EMISSION
REQUIREMENTS
The 5G NR ACLR is determined as the ratio of the filtered
mean power of the operating 5G NR channel and the filtered
mean power of an adjacent 5G NR channel [9]. In the calcu-
lation of channel powers, measurement bandwidth is config-
ured to be equal to maximum transmission configuration size
that corresponds to each bandwidth plus one SCS based on
the smallest SCS supported in that channel bandwidth [9].
For example, for a 5MHz channel, 25 PRBs with 15 kHz
SCS are supported corresponding to 4.5MHz bandwidth and
with the addition of 15 kHz, the measurement bandwidth of
4.515MHz is obtained. The additional SCS is used due to
the configurable half of a subcarrier shift in 5G NR UL. For
all considered bandwidth cases, ACLR evaluation is realized
based on following the details presented in [9].

In this study, a spectrum emission mask is implemented
according to [9] corresponding to 5G NR OOB spectrum
emission mask for UEs operating in FR1. Accordingly,
the spectrum emission mask contains two different regions,
namely regions within distance of 1MHz and larger than
1MHz from the channel edge, respectively. In the former
case, measurement filter bandwidth is configured to be 1% of

the channel bandwidth and spectrum emission limit is set to
−13 dBm for the channel bandwidths of 5MHz to 40MHz.
When larger channel bandwidths are utilized, measurement
filter bandwidth and the emission limit are configured as
30 kHz and −24 dBm, respectively. In the latter case, where
distances larger than 1MHz from the channel edge are con-
sidered, measurement bandwidth of 1MHz is configured and
the corresponding attenuation target depends on the distance
to the channel edge and the channel bandwidth as defined in
[9, Table 6.5.2.2-1].

V. SIMULATION AND TESTBED MEASUREMENT RESULTS
In order to characterize the maximum transmission power
levels that can be obtained with FC-F-OFDM and WOLA-
OFDM, different cases are numerically evaluated by using
the created simulator and obtained results are compared with
measurement results. This comparison is essential to obtain
accurate results, since the created PA model and various
hardware-related uncertainties might lead to biased simula-
tion results. With the simulator, all possible 5G NR trans-
mission bandwidth configurations have been evaluated and
results corresponding to the highest transmission power levels
are presented for each bandwidth configuration in Table 3.
In the measurements, three different 5G NR bandwidth con-
figurations are considered with only the SCS value of 30 kHz.
As it will be shown, results are more or less similar for
all subcarrier spacings, therefore considering bandwidths of
5MHz, 20MHz, and 100MHz with 30 kHz SCS as example
cases is sufficient to understand the performance differences
between the two evaluated waveforms. Here, the number of
allocated PRBs for these bandwidth configurations are 11,
51 and 273, which correspond to the transmission bandwidth
of 3.96MHz, 18.36MHz and 98.28MHz. Remaining band
within the channel bandwidth is allocated as guard band on
both sides of the channel [9].

The parameters used in simulations and experiments are
given in Table 1. As the performance metrics, the level of
OOB emissions as well as ACLR and MSE metrics are eval-
uated and the maximum transmission power level that fulfills
all 5G NR requirements corresponding to these metrics is
selected. In this study, MSE of −15 dB that is the MSE
requirement of QPSK modulation, and 5G NR ACLR of
30 dB that corresponds to the ACLR requirement for power
class 3 devices PA [9], are considered. For the evaluation of
MSE, a CP-OFDM receiver is implemented andmeasurement
is conducted by following the 3GPP measurement guidelines
defined in [9]. Moreover, PAPR levels from 2 to 8 dB are tar-
geted as the clipping levels and results are presented for each
level. Based on the obtained numerical results, a narrower
PAPR interval is determined for each waveform and used
in measurements. As supportive results, PAPR performance
results of waveforms with respect to target PAPR levels are
also presented.

The PSD responses shown in this section for measurement
cases are extracted from spectrum analyzer. To remove the
effect of the attenuator used in the testbed, power levels
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TABLE 3. Maximum transmission powers (dBm) based on numerical evaluations and achieved with each waveform, shown for three different SCS cases
and all possible 5G NR bandwidth configurations.

FIGURE 10. Obtained PSD responses with respect to spectrum emission mask, maximum transmission power levels, MSE results, and achieved
PAPR levels with respect to target PAPR levels are shown for 5 MHz 5G NR channel with 30 kHz SCS in (a), (b), (c), and (d), respectively. Both
simulation-based and measured results are shown in (a)-(c).

of samples are normalized based on the used attenuation
level and the normalized PSD responses are shown in the
corresponding figures.

First, numerical results that are obtainedwith the simulator,
for all possible 5G NR bandwidth configurations and SCS
cases are presented in Table 3. Accordingly, SCS config-
uration does not render any clear difference and similar
results are obtained with each SCS case. The general trend is
that FC-F-OFDM supports higher power levels than

WOLA-OFDM in all cases. The average difference is over
1 dB, which is a significant gap, showing the effectiveness of
the FC-F-OFDMwaveform. In order to validate these results,
experimental performance is alsomeasured for three different
bandwidth configurations of 5MHz, 20MHz, and 100MHz
with 30 kHz SCS, and thesemeasurements are comparedwith
the simulation results presented in Table 3.

As the first measurement case, performance is measured
for a 5MHz channel and corresponding results are shown
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FIGURE 11. Obtained PSD responses with respect to spectrum emission mask, maximum transmission power levels, MSE results, and achieved
PAPR levels with respect to target PAPR levels are shown for 20 MHz 5G NR channel with 30 kHz SCS in (a), (b), (c), and (d), respectively. Both
simulation-based and measured results are shown in (a)-(c).

in Fig. 10. Obtained PSD responses are given in Fig. 10(a).
In the generation of these responses, the maximum transmis-
sion power level setting that provides the necessary ACLR
and MSE performance results is selected and PSD responses
that correspond to these cases are presented. As a reference,
5G NR UL spectrum emission mask is also shown. It can
be seen that the FC-F-OFDM waveform provides a higher
transmission power and achieves better emission behavior,
where the effectiveness of the FPE scheme is also observed.
The difference between transmission power levels can be seen
from Fig. 10(b). The numerical results show that the FC-F-
OFDM waveform achieves higher transmission power level
when clipping level is selected to be quite low i.e., 3 dB.
Here, it should be noted that FC processing causes an increase
in PAPR and the targeted PAPR level cannot be achieved,
as can be seen from Fig. 10(d). In the WOLA-OFDM case,
PAPR targets between 5 dB and 7 dB provide the highest
transmission power levels. According to the obtained results
of all bandwidth configuration cases, experimenting an inter-
val of 5.5 dB to 6.5 dB in the measurements is the optimal
choice for WOLA-OFDM and this interval usually provides

the maximum power level among all possible PAPR target
levels.

The measured and simulated results match well in the
FC-F-OFDM case when low PAPR targets from 2 to 3.5 dB
are considered. However, the simulator cannot accurately
model FC-F-OFDM’s performance when higher PAPR target
levels are considered, where a difference up to 0.8 dB is
observed between measurement and simulation results. In
the WOLA-OFDM case, this difference is smaller but still
observable. It should be noted that the PA model was created
with a 20MHz channel and mismatches in results corre-
sponding to other channel configurations can be partially
explained with this fact. As expected, targeting low PAPR
levels increasesMSE, which can be observed from Fig. 10(c).
Utilization of a low-order modulation scheme such as QPSK
is assumed when aiming for maximum power transmission,
and the corresponding 5G NR MSE requirement of −15 dB
should be targeted with QPSK modulation. WOLA-OFDM’s
MSE results are always below −15 dB and QPSK modula-
tion can be supported with each level. On the other hand,
PAPR target levels below 3 dB result in high MSE for
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FIGURE 12. Obtained PSD responses with respect to spectrum emission mask, maximum transmission power levels, MSE results, and achieved
PAPR levels with respect to target PAPR levels are shown for 100 MHz 5G NR channel with 30 kHz SCS in (a), (b), (c), and (d), respectively. Both
simulation-based and measured results are shown in (a)-(c).

FC-F-OFDM and, therefore, the 3 dB level is selected as
the optimal level in this case. Results in Fig. 10(b) show
that when the 5MHz 5G NR channel is used, maximum
transmission power levels are 26.7 dBm and 25.6 dBm for
FC-F-OFDM andWOLA-OFDM, with target PAPR levels of
3 dB and 6 dB, respectively.When compared to the respective
results shown in Table 3, which are 26.6 dBm and 25.4 dBm,
we can claim that there is a strong correlation between
measurement and simulation results, and in both cases
FC-F-OFDM’s performance advantage is clear.

For 20 MHz channel, the measurement results are shown
in Fig. 11. The obtained PSD responses given in Fig. 11(a)
show that a clearly higher transmission power can be achieved
with FC-F-OFDM. Again, it is clear that the allocated band
is efficiently used thanks to the FPE method. As seen from
Fig. 11(c) and by following the logic of discussion given
above for the 5MHz channel, PAPR levels higher than 2.5 dB
can be selected as targets for FC-F-OFDM whereas any
level can be selected for WOLA-OFDM. When compared
to the results of the 5MHz channel case, clear reduction
in mismatch between simulation and measurement results is
also observed. Especially the PAPR target levels that result

in high transmission power are accurately modeled by the
simulator. Based on these observations and also results shown
in Fig. 11(b), 26.5 dBm power level can be obtained with
FC-F-OFDM by targeting a PAPR level of 3 dB. On the
other hand, the achieved power level is 25.2 dBm with
WOLA-OFDM by targeting at a PAPR level of 6 dB. Thus,
the FC-F-OFDM provides a power advantage of 1.3 dBm.
These results also validate the accuracy of the simulation
results, where power levels are obtained as 26.5 dBm and
25.5 dBm, respectively.

As the final example, the 100MHz channel case is consid-
ered and obtained results are given in Fig. 12. It can be seen
from Fig. 12(a) that FC-F-OFDMprovides clear transmission
power advantage over WOLA-OFDM and emission perfor-
mance is also better even though FC-F-OFDM is transmitted
at a higher transmission power level. Similar to the results
that pertain to the 5MHz and 20MHz channels, MSE is
the main limiting factor for FC-F-OFDM and ACLR perfor-
mance is the main problem for the WOLA-OFDM, where
these limitations prevent higher transmission power levels.
In this case, the optimal target PAPR levels for FC-F-OFDM
and WOLA-OFDM waveforms are obtained as 3.4 dB
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and 5.8 dB, respectively, and corresponding maximum trans-
mission power levels are achieved as 25.8 dBm and 25 dBm,
respectively. Difference between simulated and measured PA
output power results is negligible except for the low target
PAPR level results for FC-F-OFDM, where a gap of 0.5 dBm
is observed. Beside this, it can be claimed that the obtained
measurement results are close to the numerical ones and,
as show in Table 3, resulting maximum transmission power
leves are 26.3 dBm and 25.1 dBm, respectively.

Both numerical simulated and actual measured results
demonstrate that FC-F-OFDM offers excellent emission per-
formance and significant power efficiency improvement can
be achieved by exploiting its emission performance advan-
tages at a PA operation point near to saturation. For all
the 5G NR transmission bandwidth configuration cases,
approximately 1 dB higher transmission power level can
be achieved with FC-F-OFDM waveform in comparison to
WOLA-OFDM.

VI. CONCLUSION
In this study, extensive transmission power analysis was
provided for FC-F-OFDM and WOLA-OFDM waveforms.
Since low PAPR is a key to achieve improvement in power
efficiency, clipping was embedded into CP-OFDM signal
generation. To improve the degradation in PAPR caused by
FC filtering, a novel FPE based clipping noise allocation
method was proposed for FC-F-OFDM. In the numerical
evaluations, real PA effects were targeted and, therefore,
a measured memory-polynomial model of the PA used in the
testbed was generated. With this model, a simulator was cre-
ated to analyze the maximum achievable transmission power
levels for all possible maximum transmission bandwidth con-
figurations defined in 5GNR.Moreover, various clipping lev-
els were evaluated. To verify the obtained numerical results,
an SDR-based testbed was also created and specific configu-
ration cases were investigated in detail by using this testbed.
As demonstrated with obtained numerical and experimental
results, FC-F-OFDMprovides significant transmission power
advantage over WOLA-OFDM waveform.
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