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Abstract—Both conventional Cyclic Prefix Orthogonal Fre-
quency Division Multiplexing (CP-OFDM) and Discrete Fourier
Transform Spread OFDM (DFT-S-OFDM) have been adopted
for their use in the Physical Uplink Shared Channel (PUSCH)
in the 5G New Radio (NR) standard. While CP-OFDM can
better exploit the frequency characteristics of the channel, DFT-
S-OFDM has the advantage of a lower peak-to-average power
ratio (PAPR). Due to the interactions between PAPR and power
amplifier (PA) non-linearity, users adopting DFT-S-OFDM wave-
form may benefit from a potentially higher PA efficiency and
extend their coverage by increasing their transmit power. In this
paper we study the uplink performance of both waveforms and
their interaction with non-linear PA and uplink power control in
the millimeter-wave (mmWave) band to determine their optimal
operational range.

I. INTRODUCTION

One of the key challenges of next-generation mobile net-
works is to support a wide range of applications and deploy-
ment scenarios. For that purpose, the 5G standard provides a
set of flexible features that allow an efficient use of the radio
resources, being one of the most important features the use of
different waveforms. For the uplink (UL), two different wave-
forms are considered by 3GPP [1], namely the conventional
Cyclic Prefix-Orthogonal Frequency Division Multiplexing
(CP-OFDM) and Discrete Fourier Transform Spread OFDM
(DFT-S-OFDM); each one of them can be selected depending
on different channel conditions and deployment scenarios.

CP-OFDM has been broadly studied and commercially
implemented due to the simplicity of the receiver architecture
and its high spectral efficiency. However, it suffers from a
high peak-to-average power ratio (PAPR), a characteristic that
its counterpart DFT-S-OFDM does not share. The low PAPR
in DFT-S-OFDM benefits the user equipment (UE) power
consumption, power amplifier (PA) efficiency and manufac-
turing costs, and allows to increase its coverage range [2].
In addition, a lower PAPR leads to a weaker interaction with
the non-linearities of the PA. Previous works [3] have shown
that in presence of a non-linear PA and UL power control,
DFT-S-OFDM leads to lower errors and a higher throughput
compared to CP-OFDM, whenever the UE is far enough from
the base station. These studies have been focused on LTE,
although to the best of the authors’ knowledge, the impact
of the different waveforms on a mmWave channel for 5G
scenarios has not been addressed yet.

In this paper we compare the performance of DFT-S-OFDM
and CP-OFDM under a mmWave channel for a typical 5G
physical layer configuration, focusing on the impact of UL

power control and PA non-linearities.
The rest of the paper is organized as follows. Section II

summarizes the system model. Simulation results are dis-
cussed in Section III. Finally, section IV draws the main
conclusions of this work.

II. SYSTEM OVERVIEW

For exemplary purposes, a single-cell single-user system in
the UL direction is studied. The proposed system considers
two different UL access schemes:

• DFT-S-OFDM waveform with 1 antenna port and 1 data
layer,

• CP-OFDM waveform with 2 antenna ports and 1 data
layer.

To simulate a realistic scenario, the time-domain signals
generated by each access scheme, which are detailed in
subsections II-A and II-B, are amplified by a non-linear PA as
described in subsection II-C where the working output power
of the PA is dictated by the UL Power Control explained in
subsection II-D. At the end of this section it is also included
the Signal to Noise Ratio definition considered in this work
in subsection II-E. It is worth noting that the DFT-S-OFDM
system only makes use of 1 antenna port. This design decision
was taken due to the moderate to low compatibility with
multiple-input multiple-output (MIMO) [4].

A. CP-OFDM Signal Generation
Let the elements of vector d ∈ C1×Nd be a set of data

symbols to be transmitted, being Nd the number of data
symbols. Symbols are transformed via a precoding matrix
W ∈ CNtx×1 where Ntx is the number of antenna ports.
This precoding matrix maps data layers onto the number of
antenna ports. For simplicity, the precoding matrix considered
in this paper is built for 1 data layer and 2 antenna ports as
W = [1 1]T /

√
2. After the multiplication with the matrix

W, the resulting data symbols are transposed. Then, the
precoded and transposed symbols are mapped onto the input
of the IDFT via a mapping matrix T ∈ CN×Nd , where N is
the number of subcarriers. Finally, the output of the matrix T
is converted to the time domain via FH where FH ∈ CN×N

is the inverse DFT (IDFT). The final signal x ∈ CN×Ntx in
the time domain is generated as following:

x = FHT(Wd)T. (1)

Afterwards, a cyclic prefix is added to the resulting time
signal before being fed into the non-linear PA. Fig. 1 shows
the CP-OFDM signal generation process from eq. (1).
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Fig. 1. Digital base-band transmitter structure of CP-OFDM
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Fig. 2. Digital base-band transmitter structure of DFT-S-OFDM

B. DFT-S-OFDM Signal Generation

Let the elements of vector d ∈ CNd×1 be a set of data
symbols to be transmitted, being Nd the number of data
symbols. Data symbols are mapped onto the input of a
DFT matrix denoted by D ∈ CM×M via a mapping matrix
Mt ∈ CM×Nd where M is the DFT size. Then, the output of
the DFT is mapped onto a set of subcarriers in the frequency
domain through another mapping matrix Mf ∈ CN×M .
Finally, the output of the matrix Mf is converted to time
domain via FH where FH ∈ CN×N is the inverse DFT
(IDFT) matrix and N is the number of subcarriers. The final
signal x ∈ CN×1 in the time domain is generated as follows:

x = FHMfDtMtd. (2)

Afterwards, a cyclic prefix is added to the resulting time
signal before being fed into the non-linear PA. Fig. 2 shows
the DFT-S-OFDM signal generation process from eq. (2).

C. Non-linearity of Power Amplifiers

For the sake of simplicity, the PA is assumed to be memory-
less with amplitude-to-amplitude (AM/AM) distortion only.
More precisely, the PA model implemented in this paper is
the Rapp model of a typical solid state high power amplifier
(SSPA) described in [5] and which amplitude-to-amplitude
conversion function is given by:

g(v,A) = v
A(

1 + abs
(

vA
Asat

)2p ) 1
2p

, (3)

where v is the small signal gain, A is the amplitude of the
input signal, Asat is the limiting output amplitude and p
controls the smoothness of the transition from the linear region
to the saturation regime. Fig. 3 shows the amplitude transfer
function from eq. (3) for different values of p.

D. Uplink Power Control

Power control is of paramount importance in the UL of
5G NR since it aims at guaranteeing a target received power
at the BS, P0, while minimizing the transmitted power in
order to save battery and reduce interference leaked towards
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Fig. 3. Rapp model of PA AM/AM non-linearity, with A = Asat = 1 volts.

neighbouring cells. To this end, the UEs adjust their transmit
power so as to compensate the pathloss and shadowing. For
this reason, UL power control is especially relevant at higher
frequency bands where the pathloss is higher than in lower
bands, as those used on previous 4G standards. We have
considered the closed-loop UL power control of the Physical
Uplink Shared Channel (PUSCH) as studied in [6]. This
method considers that the UE and BS decide a transmit
power, Pdecided, to compensate for the pathloss, PL. This
decided transmit power is based on the sum of two parts:
An open power control part, that the UE computes based on
DL reference signals; and an offset that is based on Transmit
Power Control (TPC) commands received from the BS on the
UL grant assignments. After a number of TPC receptions, the
decided transmit power converges to the following value:

Pdecided = P0 + α× PL [dBW], (4)

where PL is the pathloss, which is drawn from the Urban
Macro (UMa) distribution in [7], and α ∈ [0, 1] is the
fractional compensation factor. This latter parameter allows to
get a balance between desired received power at the serving
BS and interference generated towards neighbouring cells
[8], [9]. If α = 0, the pathloss is not compensated, and
thus Pdecided = P0, whereas with α = 1, Pdecided fully
compensates the pathloss. As shown in [8], values close
to α = 0.75 maximizes average capacity when the BSs
are placed randomly according to a Poisson point process.
Restrictions on the maximum transmit power supported by
the UE and also out-of-band emissions, impose further limits
on the transmitted power. Thus, the final power transmitted
by the UE, Poutput, can be defined as:

Poutput = min(Pdecided, P
′

max) [dBW], (5)

where P
′

max = Pmax −MPR [dBW]. The Maximum Power
Reduction (MPR) [10] specifies the decrease in the maximum
power transmitted in order to enable the device to fulfil the
requirements of the transmitter adjacent channel leakage ratio.
This value imposes a maximum transmit power to guarantee
that the out-of-band emission is below a given threshold.
Since, this out-of-band emissions depend on the waveform,
modulation level and channel bandwidth, the possible values



TABLE I
MPR (DB) VALUES

MPR (dB)

Waveform Modulation
50/100/200 MHz

Channel BW
400 MHz

Channel BW

DFT-S-OFDM

Pi/2BPSK 1.5 3.0
QPSK 1.5 3.0

16QAM 3.0 4.5
64QAM 5.0 6.5

CP-OFDM
QPSK 3.5 5.0

16QAM 5.0 6.5
64QAM 7.5 9.0

of MPR also depends on such parameters. Table I summarizes
the power reduction values. Notice that a higher maximum
power can be used with DFT-S-OFDM, since its MPR is
smaller than with CP-OFDM. This is an expected result as
the former waveform is related to a smaller PAPR. DFT-S-
OFDM has shown PAPR values between 7 and 8.5 dB while
CP-OFDM produced values between 10 and 11 dB.

E. Signal to Noise Ratio metric

The Signal to Noise Ratio (SNR) definition considered in
this paper is given by the following expression:

SNR = Poutput−PL+ 10 log10(

Nrx∑
i=1

|hi|2)−N0 [dB] (6)

where Poutput is the UE output power from eq. (5), PL is the
estimated pathloss, Nrx is the number of receiver antennas,
hi is the effective channel of the i-th receiver antenna after
channel estimation and N0 is the thermal noise in the band
assigned to the user, given by

N0 = −204+10 log10(12×∆f×NRB)+Nfig [dBW] (7)

where ∆f is the subcarrier spacing in Hz, NRB is the number
of Physical Resource Blocks (PRBs) assigned to the user and
Nfig is the noise figure at the BS in dB.

III. SIMULATION RESULTS

The impact of the UL power control and the PA non-
linearities on the performance for each transmission scheme
is evaluated in this section. The key simulation parameters are
summarized in Table II.

Fig. 4 shows the differences in average received SNR for
the waveforms under study. Due to pathloss and output power
restrictions, the SNR values decay with the distance once
Pdecided is equal or higher than P

′

max. From that point on, the
UE starts transmitting with the highest possible output power,
P

′

max. Fig. 4 confirms that the SNR of the DFT-S-OFDM
case is larger than that of the CP-OFDM case. This is mainly
due to eq. (5) and the fact that MPR values in Table I take
larger values for the CP-OFDM case. Therefore, higher output
powers are used for the DFT-S-OFDM waveform, leading to
higher SNRs given the same noise level for both waveforms.

Fig. 5 illustrates Bit Error Rate (BER) results for both
waveforms as a function of the distance to the BS. For shorter
distances, CP-OFDM waveform with 2 antenna ports has a

Fig. 4. Average received SNR vs. distance to the BS, for both waveforms.

Fig. 5. BER vs SNR for both waveforms.

better error performance than DFT-S-OFDM waveform with
1 antenna port. At around 150 meters, there is a cross-point
and, above that distance, simulations show a change in the
behaviour of the BER results. We see that DFT-S-OFDM
waveform with 1 antenna port is now the transmission scheme
with a lower BER. This change in behaviour is also present
when we study the Block Error Rate (BLER) in the same
scenario, as shown in Fig. 6. This suggests that switching
from a 2-port CP-OFDM mode to a 1-port DFT-S-OFDM
operation is beneficial for users close to the cell edge.

Fig. 7 shows the goodput of both waveforms against the
received SNR. For each simulation point, the goodput metric,
which indicates the amount of error-free data compared to the
total amount of information transmitted, is defined by:

Goodput =
Throughput× (1− BLER)

Throughputmax
× 100 (%) (8)

where Throughput is the amount of data transmitted for
that simulation point and Throughputmax is the maximum
amount of data transmitted for each waveform. For SNR
values under -2dB approximately, DFT-S-OFDM waveform



Fig. 6. BLER vs SNR for both waveforms.

Fig. 7. Goodput vs SNR for both waveforms.

with 1 antenna port achieves the highest goodput. However,
it remains worse in terms of goodput from the -2dB cross-
point until SNR values above 15dB, where both waveforms
reach the 100% goodput.

IV. CONCLUSIONS

We compared the performance of CP-OFDM with 2 an-
tenna ports and DFT-S-OFDM with 1 antenna port, in a real-
istic set-up that considers the effects of non-linear amplifiers
and UL power control in a 5G simulation scenario for the
mmWave band. Even though CP-OFDM presents many major
advantages, such as reliability in multipath transmissions,
compatibility with MIMO systems and a relative insensitivity
to timing offset [11], it is shown that DFT-S-OFDM is more
robust and brings a better performance when the UE faces
lower SNR scenarios at the cell edge. This is due to its
lower sensitivity to the PA non-linearity and the difference
in MPR values, leading to a higher output power. According
to these results, an interesting feature to improve the overall
performance would be to define a dynamic switching method

TABLE II
SIMULATION PARAMETERS

Channel model CDL-A

Pathloss model UMa

α in UL power control 1

UE Pmax 24 dBm

Carrier frequency 28 GHz

Subcarrier spacing 15 kHz

Number of PRBs per user 4

BS bandwidth (PRB) 270

p in Rapp model 2

Noise figure 2 dB

MCS 2

Channel estimation Least Squares (LS)

between the two transmission schemes. Nonetheless, we found
that the cross-point in the performance is observed to have a
high dependence on several parameters such as bandwidth,
MCS mode, PA characteristics and subcarrier spacing, among
others, making necessary further exploration of the issue.
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