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Abstract—Orthogonal Time Frequency Space (OTFS) modu-
lation has recently been proposed for communication in doubly
selective channels. Together with millimeter waves, OTFS seems
to be one of the promising candidates for beyond-5G commu-
nication systems. In this paper we present the performance
of an OTFS system with an Linear Minimum Mean Square
Error (LMMSE) equalizer in the presence of main hardware
impairments extracted from our millimeter-wave setup in the
60 GHz band.

Index Terms—OTFS, hardware impairments, millimeter-
waves, nonlinearity, 60 GHz testbed

I. INTRODUCTION

The recently proposed technique - Orthogonal Time Fre-

quency Space (OTFS) [1] modulation is a two-dimensional

modulation format claiming excellent performance in doubly-

selective wireless channels, in which Orthogonal Frequency

Division Multiplexing (OFDM) suffers from an important

error floor.

In OTFS, the two-dimensional precoding and postprocess-

ing blocks are added on top of the conventional OFDM

modulator/demodulator [2] and the data symbols (usual inner

mapping is M-QAM) are placed in a delay-Doppler domain.

This well corresponds to the nature of wireless channels

with scattering objects manifesting in multipath components

affected by Doppler shifts due to either the transmitter or

receiver moving, or the environment.

Due to spectrum scarcity in traditional bands below 6 GHz,

the millimeter wave frequencies become attractive for 5G and

beyond systems. But the performance of any communication

link is affected by the presence of hardware imperfections

such as power amplifier nonlinearity, quadrature (IQ) mod-

ulator/demodulator imbalances or phase noise. In [3] we have

shown how the millimeter-wave channel capacity is affected

by the realistic, i.e., measured IQ imbalances of 60 GHz

modulators. In [4], we have presented our digitally calibrated

60 GHz setup for research of power amplifier linearization

techniques, which we subsequently used for digital predisto-

rion evaluations [5]. Performance evaluations of OTFS at 5G

millimeter-wave frequencies has been published in [6], where

it has been shown that OTFS exhibits a lower Bit Error Rate

(BER) than OFDM in the numerous situations. The influence

of phase noise on OTFS has been analyzed in [7].

In contrast to OFDM, where the pilot tones for channel

estimation are interleaved with the data in the time-frequency

plane, the embedded pilot in the delay-Doppler domain has

been proposed recently for use in OTFS [8]. Due to the

nature of OTFS, such a pilot is then spread over the whole

time-frequency plane. In [9], we have pointed out that an

optimal data-to-pilot power allocation can be found and that

such power allocation well correlates with almost the optimal

Peak to Average Power Ratio (PAPR) of the transmitted signal.

The distribution of PAPR of OTFS has also thoroughly been

studied in [10].

The investigations presented in this paper aimed to unveil

these two interesting research questions:

• How the OTFS system is sensitive to major RF front-end

impairments, namely power amplifier nonlinearity and IQ

imbalances?

• Which one of the effects - the RF front-end impairments

or a delay-Doppler grid mismatch - determines the BER

performance of OTFS?

II. ORTHOGONAL TIME FREQUENCY SPACE MODULATION

A. OTFS modulator

The OTFS information symbols (usually M-ary QAM sym-

bols) x[k, l] placed in the delay-Doppler domain with a delay

domain index k = 0, 1..., N − 1 and a Doppler domain index

l = 0, 1, ...,M − 1 are first spread to the time-frequency

domain with symbols X[n,m] through a two-dimensional

(2D) Inverse Symplectic Finite Fourier Transform (ISFFT)

according to:

X[n,m] = ISFFT {x[k, l]} =

N−1
∑

k=0

M−1
∑

l=0

x[k, l]e−j2π(ml
M

− kn
N ).

(1)

Note that the delay-Doppler symbols x[k, l] can be either the

data symbols xd[k, l] or the pilot symbols xp[k, l]. Subse-

quently, the signal X[n,m] is transformed from the time-

frequency to the time domain by means of a Heisenberg

transform:

x(t) =

N−1
∑

n=0

M−1
∑

m=0

X[n,m]wTX(t− nT )ej2πm∆f(t−nT ), (2)

where wTX is a transmitter pulse shape, T and ∆f are the

symbol duration and tone separation that (inversely) define a

quantization step in the delay and Doppler grid. Operation of



an OTFS receiver is inverse to that of the transmitter and its

description can be found, e.g., in [11].

B. OTFS detector

There are several approaches for OTFS symbol detection,

mainly based on the message passing approach [11] or inter-

ference cancellation [12]. Such approaches benefit from the

assumption of channel sparsity in the delay-Doppler domain

and aim at overcoming high computational complexity of the

approach based on deconvolution [13] of the received symbols

and the channel. Another approach is the LMMSE equalizer

[14], that we have used during experiments described below.

In our model, the received signal without equalization can be

expressed in vector form such as:

r = Hx+w, (3)

with x, r,w being the transmitted signal, the received signal

and the noise vectors of length MN , respectively and H is

a MN × MN channel matrix. The equalized delay-Doppler

domain symbols d̂ can then be expressed as [14]:

d̂ = (HA)
H

[

(HA) (HA)
H
+

σ2
n

σ2
d

I

]−1

r, (4)

where the channel matrix H can be decomposed into two main

components: a diagonal Doppler matrix ∆kp and a circulant

delay matrix Πlp :

H =

P
∑

p=1

hpΠ
lp∆kp . (5)

Note that P is the number of channel taps, hp are the tap

magnitudes, A is a modulation matrix [14], I is an identity

matrix and
σ2

n

σ2

d

is the noise-to-signal ratio estimate.

For any of the data detection approaches, a reliable channel

estimation method is needed. The most convenient way is

to use a pilot-based approach, where the pilot frames are

interleaved with data frames. In such a case, the channel

state information may become obsolete in highly time-varying

channels, so the use of embedded pilots has been proposed in

[8]. The principle of the embedded pilot is illustrated on Fig.

1. The pilot is placed at some chosen position kp, lp in the

delay-Doppler domain and is surrounded by the guard intervals

(zeros) in both domains. Remaining positions in the delay-

Doppler grid serve for data transmission in form of e.g. QAM

symbols.

The granularity of the delay-Doppler grid with respect to

real parameters of a wireless communication channel de-

termines the OTFS performance in various scenarios and

environments. The granularity in the delay domain is 1
M∆f

,

while the granularity in the Doppler domain is 1
NTsym

, where

the symbol time Tsym is equal to the reciprocal value of

subcarrier spacing ∆f . OTFS then generally performs well in

the case of a real Doppler shift being the multiples of Doppler-

domain granularity, while in the non-integer case, special

countermeasures must be taken [8]. In the following, we will

thus consider the Doppler grid mismatch as the remainder after

dividing the actual Doppler shift in the channel and Doppler-

domain granularity 1
NTsym

.
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Fig. 1: Symbols in delay-Doppler domain [9]

III. EXPERIMENT

A. 60 GHz testbed description

The goal of this paper is to investigate OTFS performance

in the presence of RF front-end impairments modeled, based

on the parameters extracted from our millimeter-wave testbed

in the 60 GHz band that we presented in [4]. Its block structure

is plotted in Fig. 2.
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Fig. 2: Block schematic of the 60 GHz setup used for RF front-

end parameters extraction [4]

The testbed is based on the Infineon BGT-60 evaluation

board, a direct conversion up/down converter with up to 1 GHz

bandwidth. For A/D conversion, a dual-channel ADS54j40 de-

vice (14 bit, 1.0 GSps) is used and a quad-channel DAC37j84

(16-bit, 1.6/2.5 GSPS) serves for D/A conversion. To ensure

a coherent clock at Tx and Rx sides, both A/D and D/A

converters are driven with a 1 GHz ultra-low-phase-noise SAW

oscillator signal through a dedicated clock distributor.

B. Main RF impairments

1) Power amplifier model: Nonlinearity of the radio fre-

quency power amplifier is one of the main sources of signal

distortion in the wireless radio frequency front-ends. In order



to limit signal distortions, the power amplifiers (PA) are often

used with a backoff of several decibels from saturation, that

leads to a power efficiency reduction. A working point of the

PA needs to be set up with respect to PAPR of the transmitted

signal.

The AM/AM and AM/PM characteristics of the measured

power amplifier from the BGT-60-based 60 GHz setup are

shown in Fig. 3. Based on the acquired data, a memory

polynomial model is identified in the form of:

z(t) =

U
∑

u=1

V
∑

v=0

buv x(t− v)|x(t− v)|u−1 (6)

where x is the PA input signal, z is the PA output signal, buv
are the polynomial coefficients with nonlinearity order U and

memory depth V .

Fig. 3: Extracted AM/AM and AM/PM characteristics of 60 GHz power
amplifier

2) IQ modulator imbalances: For the sake of simplicity, we

have considered here the frequency-independent IQ imbalance

model with an effect on the modulated signal x(t) described

as [15]:

y(t) = α · x(t) + β · x∗(t), (7)

where ∗ denotes a complex conjugation operator, α =
cos∆φ + jǫsin∆φ, β = ǫcos∆φ − jsin∆φ, where ∆φ and

ǫ are the phase and gain imbalance of the IQ modulator or

demodulator.

The gain imbalance used in the model was set to 0.44 dB

and the phase imbalance to 4 degrees, similarly to the case of

our previous OFDM capacity analysis paper [3].

C. OTFS methods and parameters

The freely-available OTFS example framework [16] with a

rectangular pulse shape wTX was, similarly to our previous

paper [9], used as a baseline for the OTFS MATLAB imple-

mentation, with the embedded pilot [8] concept for channel

estimation and the LMMSE [14] channel equalizer with stan-

dard complexity, i.e., not based on matrix decomposition.

The pilot surrounded by necessary guard bands was first

embedded into the delay-Doppler grid with the QAM data

symbols and modulated by the OTFS modulator. The time-

domain signal was then fed to the IQ modulator and power

amplifier models. The effect of a linear static channel was

modeled by a simplified multipath channel model with ad-

justable delay and Doppler parameters. Based on the channel

estimation and equalization, the received QAM symbols are

obtained in the OTFS demodulation block.

The results of the analysis are shown for OTFS with M=32,

N=32 grid elements in the delay and Doppler domains, one

embedded pilot with the power of |xp[k, l]|
2

in the delay-

Doppler domain, data-carrying 4-QAM symbols xd[k, l] with

a mean power of E
{

|xd[k, l]|
2
}

. The pilot power relative

to the data power
Ppilot

Pdata
=

|xp[k,l]|
2

E{|xd[k,l]|
2}

has been set to

optimal values according to our prior analysis [9]. There were

Nguard=8 and Mguard=8 guards, i.e., zero symbols around the

pilot selected to ensure the channel estimation is unaffected

by the transmitted data.

For the sake of simplicity, the channel was modeled as a

convolution of the transmitted OTFS time-domain signal with

a channel impulse response having three complex-valued taps

with delays of 0, 3 and 6 samples.

IV. RESULTS

The influence of RF front-end parameters and wireless

channel on the OTFS system has been evaluated in terms of

BER curves. For the setup of simulation parameters of RF

front-end models, OTFS and channel model description, please

see Section III. We have considered three main cases, with the

results shown in Fig. 4-6.

Fig. 4 shows the BER performance in the case of the

wireless channel turned off, i.e., only the effects of RF front-

end impairments, from which either only the power amplifier

is compensated, both the power amplifier and IQ imbalance

are compensated, or none of these impairments is compensated

for.

The results in Fig. 5 show us, that if the Doppler shift in

the wireless channel is the integer multiple of the Doppler-

domain granularity, then OTFS performance is close to the

performance of no channel even in the case of RF front-end

impairments.

For the rectangular OTFS pulses that have been used in

the simulation, the effect of non-integer Doppler shift, i.e.,

mismatch between the OTFS grid and real wireless channel

parameters, may dominate over the effects of RF front-end

imperfections, as demonstrated in the results in Fig. 6.

V. CONCLUSION

In this contribution, we have presented the influence of main

RF front-end impairments on the Orthogonal Time Frequency
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Fig. 4: Bit error rate, without channel, only RF impairments
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Fig. 5: Bit error rate, RF impairments and channel with perfect grid match

Space communication system. The parameters of RF front-end

have been extracted from the millimeter-wave testbed working

in the 60 GHz band. An LMMSE equalizer for OTFS detection

has been used. We have pointed out that although the influence

of RF front-end parameters may cause significant degradation

of the OTFS system, there exist also some other effects, such

as the non-integer Doppler shift with respect to the delay-

Doppler grid, that without particular countermeasures may

even have more severe influence on the overall bit error rate

of the system.
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