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Abstract—In this letter, a novel guard-tone reservation
(GTR) method is proposed to reduce the peak-to-average
power ratio (PAPR) of discrete Fourier transform-spread-
orthogonal frequency-division multiplexing (DFT-s-OFDM)
waveform. Unlike existing PAPR reduction methods, the proposed
GTR operates directly in the data symbol domain, estimating
the peaks through the relations between the data symbols, while
the corresponding peak-cancellation signal (PCS) is efficiently
embedded into the waveform processing. Furthermore, the PCS
is generated by exploiting only the guard-band tones, leaving
thus the inband data tones undistorted. The performance of the
method is evaluated in 5G New Radio (NR) uplink context includ-
ing also realistic measured power amplifier (PA) characteristics.
The obtained results show that significant PAPR reduction and
corresponding PA output power gains can be obtained while the
computational complexity is shown to be low.

Index Terms—SG new radio, coverage, DFT-s-OFDM, guard-
tone, PAPR, power amplifier, power efficiency, tone reservation.

I. INTRODUCTION

HE BASELINE physical-layer waveform of 5G NR [1],

[2] is cyclic-prefix (CP) orthogonal frequency-division
multiplexing (OFDM), while discrete Fourier transform-
spread-OFDM (DFT-s-OFDM) is also supported in uplink
(UL) [1], [2], as it is known to have lower peak-to-average
power ratio (PAPR). However, with high modulation orders,
the PAPR advantages of DFT-s-OFDM, compared to plain
OFDM, start to diminish. Additionally, in millimeter-wave
networks, or at the so-called frequency range 2 (FR2) [1],
[2], efficient PAPR reduction methods are very important for
improved power-efficiency and network coverage.

In this letter, tone reservation (TR) is considered as the
baseline PAPR reduction approach due to its suitability to
the studied problem [3]. The TR is a well-known method
with various further detailed variants being available in the
literature. However, most of the solutions involve iterative
processing and thus come with substantial computational com-
plexity and power consumption, making their application in
mobile terminal transmitters challenging. To this end, in [4],
a time-domain kernel building on TR tones is used to create
the peak-cancellation signal (PCS). This method can cancel
one peak in one iteration and since multiple peaks are likely
to occur, the method is applied iteratively. Similarly, in [5],
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a scaling factor that changes the amplitude and phase values
of the kernel samples of [4] is computed for the generation
of each PCS. This way, multiple peaks can be cancelled in
each iteration, but the complexity also increases with respect
to [4]. The common problem of both methods is the complex-
ity as operations such as circular shifting, and changing both
phase and amplitude of the kernel are required for PCS cre-
ation. Additionally, the use of inband tones reduces spectral
efficiency.

Besides TR, few other works have specifically addressed the
PAPR reduction of DFT-s-OFDM. In [6], the phases of the par-
ticular modulated symbols that cause the peaks of the output
signal, are modified such that the PAPR is reduced. However,
this increases also the link bit error rate (BER). Similar
approach is also considered in [7] but different from [6], the
BER increase is more controlled. In both studies, it is discov-
ered that consecutive symbols on the outer constellation points
and with opposite phases have the highest contribution to the
resulting time-domain peaks. This observation is considered
as one of the building blocks of this letter, however, it will
also be shown that there are additional symbols with consid-
erable impact on peaks, forming further basis for the proposed
method.

In this letter, a novel guard-tone reservation (GTR) method
is proposed for DFT-s-OFDM PAPR reduction, with specific
emphasis on 5G NR uplink. Opposed to existing methods
where the full time-domain waveform is commonly created,
and iteratively processed through multiple transforms, the
proposed method operates directly in the data symbol domain.
To this end, a peak detection filter is derived to model how
the DFT-s-OFDM processing shapes the input data symbols.
Through this, the most notable high-amplitude time-domain
peaks can be estimated while also the specific data sym-
bols causing such peaks are detected. Then, to generate the
corresponding PCS, applicable guard-band tones are properly
configured such that the PAPR of the generated DFT-s-OFDM
is reduced. This allows to avoid spectral efficiency losses,
while facilitates efficient PCS creation when deployed prop-
erly. Additionally, the method does not impact the receiver
processing in any way and does not cause any increase in the
transmit signal error vector magnitude (EVM) or the funda-
mental link BER behavior. The performance of the proposed
method is evaluated by following the 5G NR guidelines and
uplink emission limits, incorporating also a practical mea-
sured power amplifier (PA) model. The provided numerical
results illustrate the efficiency of the proposed method, while
also high-lighting the low computational complexity of the
solution.

II. SYSTEM MODEL AND PROPOSED SOLUTION
A. DFT-s-OFDM Signal Model

To create DFT-s-OFDM waveform, bits are first mapped
to M-QAM or M-PSK data symbols. Within one multicarrier
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In (a), the underlying pulses in (3) are illustrated for example numerical values of NppT = 12 and N = 1024. Also the potential of creating peaks

to the composite waveform through coherent addition of pulse sidelobes is high-lighted. In (b) and (c), the amplitude and phase behavior of the peak detection

filter are shown for L = 7, NppT = 612 and N = 1024.

symbol duration, these are denoted by d[l] with [ €

{0,1,..., Nppr — 1}. Then, with DFT precoding, the
frequency-domain samples are obtained as
1 Nppr—1 _
X[k] = Z d[l]e_]Qﬂ'kl/NDFT7 (1)

VADFT 1=

where k is the frequency-domain subcarrier index. After zero
padding, the oversampled signal is converted to time-domain
through IDFT of size N as

) N/2-1
=gy L KW, @

where n € {0,1,..., N — 1} is the index of the correspond-
ing time-domain sample within the considered multicarrier
symbol. As shown in [6], and assuming that the active data
subcarriers are allocated at the center of the channel, denoted
by the set Kg; = {—Npp1/2,..., Npp1/2 — 1}, (2) can also
be expressed as

1 NppT—1 Nppr/2-1 ( , , :
zln] = ———— dll e j2mkn/N—j2mkl/ NpFT
= w2 W2
= =—NprT/2
1 Nppr—1

- Ay o dllal—Y/Noe), 3)

where the effective pulse-shaping function g[v] reads
Sin(ﬂ'NDFTl//N)

sin(mv/N)
For other contiguous sets of active bins, the expressions in (3)
and (4) are similar, except for an extra phase term in (4).

We next shortly address the characteristics of the consecu-
tive pulses in (3), to better understand how the data symbols
d[l] are shaped. To this end, by assuming simple example val-
ues of Nppr = 12 and N = 1024, the amplitude behavior of
the consecutive pulses are illustrated in Fig. 1 (a). As can be
observed, only a relatively small number of neighboring pulses
have considerable impact on a time-domain sample x[n] inbe-
tween the data symbol instants. Additionally, Fig. 1 (a) also
illustrates that the potential of the pulse side-lobes to sum up
coherently into large peaks in the waveform is highest at the
middle of the two symbol instants.

To better quantify this, the normalized squared Euclidean
distance (NSED) is measured between a time-domain sam-
ple value x[n] and a sum of symbol-weighted pulses over a

g[v] = e~9(m/N) 4)

considered symbol range around d[/]. Such NSED metric is
explicitly defined as

reconstructed sample

1 I+L _ _ 2

|z[n] — Wi >, dlmlgln —mN/Nppr] |
v, = T NG
where m = mod(m, Nppr), and thus the reconstructed

sample is essentially a result of a cyclic convolution of the
considered data symbols and the applicable samples of the
involved pulses.

The NSED is next evaluated for 3GPP standard-compliant
5G NR uplink signal with fully-loaded 20 MHz channel
and subcarrier spacing (SCS) of 30 kHz, corresponding to
Nppr = 612 and N = 1024. When considering a large
amount of independent data symbol realizations and focus-
ing on the sample values in the middle of the symbol instants,
an averaged NSED value of 88% is obtained for L = 5. For
L = 10 and L = 15, the corresponding values are 94% and
96%, while increasing L further does not change the value
anymore significantly. Thus, a relatively small group of sym-
bols contribute most to the large peaks and other symbols
have negligible effect on the peaks due to the low-amplitude
coefficients resulting from DFT precoding followed by IDFT.
This observation generalizes the claims of [6], where only two
symbols are regarded as the main cause of the large peaks.

B. Peak Detection Filter

To reduce the PAPR efficiently, we seek to identify the most
problematic symbol groups already before DFT precoding, i.e.,
in the data symbol domain. To this end, inspired by (5), the
peaks can be reconstructed in data symbol domain through
circular convolution. Furthermore, Fig. 1 (a) shows that the
waveform can potentially present the largest peaks in the
middle between two consecutive symbol instants. Thus, any
potential peak sample can be reconstructed by sampling the
reconstruction expression in (5) in the middle between the I/th
and (I 4+ 1)st symbol instants.

To this end, we first define the pulse for the /th symbol (i.e.,
shifted version of the pulse g[v]) as

gi[v] = glv — IN/Nppr]. (6)
Since the symbol instants of d[l] and d[/ + 1] are v =

N and v = N(Hl), the middle point corresponds to
DFT Nprr
Y N(+1/2)

= ~Nppr Thus, the reconstructed peak between the sym-
bols d[l]Dand d[l + 1], subject to potential constant scaling,
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can be expressed as

I+L
_ N(l+1/2)]
= d[m)gm | ———L 7
n= Y dimlan| S ™

where m = mod(m, Nppr). The expression in (7) allows us
to define a peak reconstruction filter A[m] with P = 2L + 1
taps as

N(1+1/2)

8
Nprr ©

him] = 9mod(l—m,Nppr) [

where m € {—-L,—L+1,...,0,...,L — 1, L}. This filter
is identical for any given data symbol index /, due to circu-
lar symmetry of the involved transforms. Additionally, while
we are reconstructing the waveform in the middle between
the symbol instants / and (I 4+ 1), the reconstruction of any
other sample can be pursued conceptually similarly, with dif-
ference only in the applicable filter coefficients. Finally, the
peak reconstruction in (7) can be re-expressed by using the
defined peak reconstruction filter as

I+L

T = Z d[m]h[l — m].

m=I[—L

©))

Example behavior of the peak reconstruction filter ampli-
tudes and phases is shown in Fig. 1 (b) and (c), respectively,
for L = 7, Nppr = 612 and N = 1024 corresponding to
5G NR 20 MHz channel with 30 kHz SCS with active data
subcarriers allocated at the center of the channel.

C. Proposed GTR Method

The block-diagram of the overall proposed GTR method is
shown in Fig. 2. The main idea is to identify the waveform
peaks within an DFT-s-OFDM symbol through the previously
described peak detection filtering in data symbol domain,
while then properly excite a set of tones outside the active
allocation to create the peak-cancellation signals. This set of
cancellation tones denoted by Ky is assumed to be located
within the guard-band of the NR channel (hence the name
guard TR), while properly noting the transmitter emission
requirements as elaborated further below. We also note that
the network could indicate and allow, through specific signal-
ing, the use of inband tones for peak cancellation that could
be shared between multiple frequency multiplexed UEs for
controlled loss in cell capacity. However, in this work, we
primarily focus on the use of the guard-band tones.

Specifically, the peak reconstruction filtering in (9) is
applied in a sliding window manner over the whole block
of data symbols d[I], | € {0,1,..., Nppr — 1}. The corre-
sponding reconstructed amplitude values are then compared
to a chosen peak threshold -y, determined based on the target
PAPR level, which yields the index set of problematic symbols
as

I, if [r| >~

(), otherwise. (10)

s() = {
As direct side-products, the indices (| (I4+1/2)N /Nppr]) and
the phase values (Z(r;)) of the time-domain peaks are also

obtained, where |-] and Z(-) represent the rounding operation
and phase angle, respectively.
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The actual time-domain output sequence at the IDFT output,
including also the peak-cancellation tones, can be formally
expressed as

1 .
= > {X[k] + Xg[k]}e2 /N,
\/ﬁ kEKdUICg

where X[k], k € kg, reads as shown in (1) while X,[k], k €
K4 denote the cancellation samples at the considered guard-
tones at the IDFT input. Additionally, X[k] = 0, Vk ¢ K,
while X,4[k] = 0, Vi ¢ K4. To define the samples X [k] at
the cancellation tones, we next express the IDFT of arbitrary
Xy[k], k € Kg4, evaluated at the instants where the peaks have
been detected, as

N —

FT:| B

Np

(1)

1/2

g (41/2)
ST XK Forr | e Qps. (12)
kekCy

Zg {(l +1/2)

Thus, to obtain time-domain cancellation samples that have
opposite phases to those of the detected peaks, the cancellation
samples at the guard-tones are generated as

X, = 3 el 7t

ZGQPS

27k(14+1/2)
NpFT

)}, VEk € Ky, (13)

where r; is the output of the peak detection filter in (9).
Moreover, Ay (1) in (13) refers to the amplitude value con-
figured for cancelling the peak that is caused by the symbol
[ € Qpg. This can be computed by calculating the difference
between the reconstructed peak amplitude and the amplitude
threshold that corresponds to the target PAPR level while fur-
ther dividing it by the number of guard-band tones N,. If
the resulting amplitude of X,[k]| exceeds the level allowed
by the out-of-band (OOB) emission limits, we assume that
the amplitude is normalized to this level, such that the emis-
sion requirements are not violated. We note that the power
limit on the cancellation tones at guard-band limits also the
PAPR reduction capability; however, the numerical results in
Section IIT evidence still good performance.

D. Low-Complexity Implementation

As illustrated already in Fig. 1 (b) and (c), the structure of
the peak detection filter allows for efficient implementations.
Specifically, as the phases of the tap coefficients are essen-
tially either zero or £, the taps are real-valued. Additionally,
there is clear symmetry around the two center taps, which
further decreases the implementation complexity, compared to
filtering with arbitrary complex-valued taps.
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To further reduce the complexity, the peak detection filtering
can be pursued in multiple cascaded stages. Specifically, since
the central taps have the highest impact on peaks, a short filter
of say P = 3 taps can be first deployed to identify an initial

index set of the problematic symbols, denoted as Qgs) This
initial set of symbols can then be further processed with longer
filters, to better and more accurately identify the final index
set (2pg. The complexity in these further processing stages is
already clearly lower, despite relatively longer filters, as the
set of symbols has already been substantially reduced.

As a concrete example, by doing the filtering in three stages
with P = 3 (first stage, Qgs)), P = 4 (second stage, Q%),
and P = 15 (third stage, (lpg), the overall complexity of

GTR including PCS creation is 22|Q§S)| + 2Ny|Qpg| real

multiplications and 4 Npprp + 2|Q402| + 22|02)| + 4N, |Qpg|
real additions per DFT-s-OFDM symbol containing NppT
data symbols. While in general the length of the deployed
peak detection filter is a trade-off between processing com-
plexity and peak detection performance, we use the above
configuration in the following numerical results, and show that
very efficient PAPR reduction can be obtained with very low
complexity compared to the existing reference methods.

III. NUMERICAL RESULTS AND ANALYSIS
A. Scenarios, Assumptions and Metrics

The performance of the proposed method is next eval-
vated numerically and compared against existing reference
methods [4], [S] and the well-known iterative clipping and fil-
tering (ICF) approach [8]. As the main performance metrics,
PAPR distribution, ACLR, and maximum PA output power
are considered. Also the EVM is considered in the context of
maximum PA output power evaluation, but excluded otherwise
since the proposed method does not cause any EVM or BER
degradation to the digital waveform. The ACLR is evaluated
by following the 5G NR guidelines, while also the correspond-
ing UL spectrum emission mask (SEM) [9, Sec. 6] assessment
is included in the results. To improve the baseline waveform
spectrum confinement, weighted overlap-and-add processing
with window length of 35% of the CP length, is applied. In
GTR, the PD filter with P = 15 is utilized in the third stage.

In the evaluations, an example target PAPR level of 5 dB is
considered when calculating the symbol-domain peak detec-
tion filter threshold ~, while then the actual realized PAPR
is measured through the sample-wise PAPR distribution over
long signal realizations comprising complete radio-frames of
10 ms. Moreover, three different 5SG NR channel bandwidth
cases of 5 MHz, 10 MHz and 20 MHz are considered with
64-QAM modulation. For each case, applicable uplink SCS
values within 15 kHz, 30 kHz and 60 kHz are adopted fol-
lowing [9], while full channel allocations are considered for
simplicity. Additionally, as in [10], oversampling with a factor
of Npog = 4 is applied to achieve accurate representation of the
PAPR which means four times larger IDFT sizes (values of N)
compared to baseline IDFT sizes (Nog = 1). For reference,
however, results with Nog = 1 are also evaluated. Finally,
all IDFT bins belonging to the guard-band inside the channel
bandwidth are always utilized for PCS creation, except for the
two bins at both channel edges, such that meeting the SEM
mask is feasible.
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B. Results and Discussion

As the first example, the PAPR distributions for 20 MHz
channel bandwidth and SCS of 30 kHz (Nppr = 612,
Nog = 4 and N = 4096) are shown in Fig. 3 (a), without
and with the proposed GTR processing, while the correspond-
ing distribution for CP-OFDM is shown for reference. At the
CCDF level of 0.01%, CP-OFDM has a very high PAPR of
9.6 dB, while the corresponding number of DFT-s-OFDM is
7.7 dB. Then, the proposed GTR is able to reduce the PAPR
further, down to approximately 6.4 dB with the deployed
value of P = 15 and the amount of the available guard-tones.
Additionally, the figure also shows that similar performance is
obtained in all considered channel bandwidth and SCS cases.

Next, the power spectral density (PSD) of the PAPR reduced
digital signal is shown in Fig. 3 (b). While the guard-
band tones are now containing the cancellation samples, the
figure illustrates that the SEM mask is still properly ful-
filled. Additionally, the ACLR of the digital waveform is
still excellent, being approximately 74 dB in this numeri-
cal example. Hence, there is still a large gap to the 5G NR
uplink ACLR of 30dB corresponding to the power class 3
UEs [9].

Furthermore, the GTR method is compared against ICF and
the reference methods in [4] and [5]. Both ICF and the TR
variants are iterative methods and are here applied in the DFT-
s-OFDM context. Specifically, a 20 MHz 5G NR channel is
configured with SCS of 60 kHz (NppT = 288). Due to the
assumed power limit for the PAPR reduction tones and the
processing differences among the methods, each method is
independently parameterized such that similar realized PAPR
values can be obtained. Specifically, this yields the target
PAPR values of 5 dB for GTR, 6 dB for [4], and 6.4 dB for [5]
and the ICF. The corresponding realized PAPR CCDF results
for all the four methods are collected and presented in Table I,
at two CCDF levels, and including also two different oversam-
pling factors of Nog € {1, 4}, implying N € {512,2048}. As
can be observed, the reference methods provide very similar
PAPR performance compared to the proposed GTR method.
However, the GTR method does not infer any loss in link
performance (inband distortion or spectral efficiency loss),
while offers also substantially lower processing complexity.
This is addressed in further details next.

The computational complexities of the proposed GTR
method and the considered reference methods are next
assessed and compared. Here, the complexities are evaluated
in terms of the needed real multiplications and additions, while
the complexity of the plain DFT-s-OFDM without any PAPR
reduction is used as reference, considering the same values
of N and Nppr as the PAPR reduction methods. As shown
in Table I, the GTR method increases the number of real
multiplications and additions by 23% and 21% with respect
to plain DFT-s-OFDM when Npg = 1. On the other hand,
the TR-based reference methods increase the multiplications
by 179% and 404%, and the additions by 113% and 128%,
respectively.

Furthermore, when Npg = 4 is considered, values of the
GTR method drop to 5.6% and 5.5%, respectively. The cor-
responding increases in multiplications are 44% and 99% for
the two TR variants, while for the additions increase by 29%
and 32%, respectively. The ICF reference runs four iterations
to realize the PAPR target resulting in a large increase in the
complexity, as each iteration needs one IDFT/DFT pair.
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Fig. 3. Example DFT-s-OFDM PAPR distributions without and with the proposed GTR method are shown in (a) covering different 5G NR channel bandwidth
and subcarrier spacing configurations. The PAPR target for peak detection is 5 dB. Also the CP-OFDM PAPR behavior is shown for reference. An example
PSD behavior of the digital waveform with GTR processing is shown in (b), depicting also the UL SEM up to 1 MHz offset for 200 kHz measurement

bandwidth.

TABLE I
PAPR RESULTS WITH CORRESPONDING RELATIVE PROCESSING
COMPLEXITIES FOR 20 MHZ 5G NR CHANNEL AND 60 KHZ SCS

Case GTR Ref #1 [4]  Ref #2 [5] ICF
Nos 1 2 1 2 1 2 1 3
[;Allzf 59dB 59dB 5.9dB 59dB 59dB 59 dB 5.3 dB 5.2 dB
. (@
PAPR ¢ S4B 6.5dB 6.5dB 6.5dB 6.4 dB 6.4 dB 6.4 dB 6.4 dB
0.01%
Increase 30 6% 179%  44%  404% 99%  800% 800%
in mult.
I;Cz;‘je 20%  5.5% 113% 29% 128% 32% 800% 800%

Overall, the complexity numbers show that the proposed
GTR method is computationally very efficient compared to
the reference methods, while facilitating high-performance
PAPR reduction. The higher complexity of the TR-based
reference methods is mainly due to the post-IDFT pro-
cessing. Specifically, since the length of the time-domain
DFT-s-OFDM symbol waveform is quite long, especially for
larger IDFT sizes, the amount of additions and multiplications
required for the PCS generation impact the complexity of the
reference methods significantly. The proposed approach, in
turn, operates in the pre-IDFT or data symbol domain, thus
allowing for largely reduced complexity. The ICF, in turn, is
known to facilitate very good PAPR reduction performance;
however, it also poses very substantial processing complex-
ity as seen in Table I. Additionally, it degrades the EVM
due to inband clipping noise, which in this example is
around 2-3%.

Finally, the maximum transmit power gain available through
the GTR method is evaluated by considering all 5G NR Rel-16
uplink emission measurements and the corresponding spec-
ifications at FR1 [9] together with a measured terminal PA
model. The power contained to the cancellation tones is less
than 2% of the total power but is taken properly into account
in the assessment. In the different channel bandwidth and
SCS cases, the obtained PA output power gains compared
to plain DFT-s-OFDM waveform range between 0.7-0.9 dB
while still meeting all RF emission limits. With the PA model
involved, the maximum transmit power is observed to be

ACLR limited. Such increases in the achievable transmit power
have a substantial impact on the uplink coverage.

IV. CONCLUSION

In this letter, a novel guard-tone reservation method was
proposed for reducing the PAPR of DFT-s-OFDM wave-
form. Stemming from the waveform modeling, the GTR
method estimates the largest peaks and the corresponding data
symbol groups directly in the data symbol domain, while
guard-tones are then exploited to generate the corresponding
peak-cancellation signals to suppress the peaks. Through 5G
NR standard compliant numerical results, it was shown that the
proposed method allows for efficient PAPR reduction, while
being substantially less complex in terms of computations
compared to state-of-the-art reference methods. Additionally,
the proposed method does not impact the data symbols in
any way, which is particularly important for high modulation
orders, while still allowing for efficient PAPR reduction.
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