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Abstract—Looking towards 6G wireless systems, frequency
bands like the sub-terahertz (sub-THz) band (100 GHz -
300 GHz) are gaining traction for their promises of large
available swaths of bandwidth to support the ever-growing data
demands. However, challenges with harsh channel conditions and
hardware nonlinearities in the sub-THz band require robust
communication techniques with favorable properties, such as
good spectral efficiency and low peak-to-average power ratio
(PAPR). Recently, OTFS and its variants have garnered sig-
nificant attention for their performance in severe conditions
(like high delay and Doppler), making it a promising candidate
for future communications. In this work, we implement Zak-
OTES for the over-the-air experiments with traditional point
pilots and the new spread pilots. Notably, we design our spread-
pilot waveforms with communications and sensing coexisting in
the same radio resources. We define the system model and the
signal design for integration onto our state-of-the-art sub-THz
wireless testbed. We show successful data transmission over-the-
air at 140 GHz and 240 GHz in a variety of signal-to-noise
ratio (SNR) conditions. In addition, we demonstrate integrated
sensing and communications (ISAC) capabilities and show PAPR
improvement of over 5 dB with spread pilots compared to point
pilots.

Index Terms—delay-Doppler, ISAC, OTFS, PAPR, sub-THz,
spread-pilots

I. INTRODUCTION

To meet the demand for ultra-high data rates in next-
generation wireless systems, attention has turned towards
emerging spectral, such as the sub-terahertz (sub-THz) band
(100 GHz - 300 GHz), with large contiguous swaths of
bandwidth capable of supporting high-data, wideband appli-
cations. While systems in this band have already shown great
promise [1], [2], these frequencies come with a unique set of
challenges, including higher path losses, Doppler spread, and
suceptibilty to phase noise and peak-to-average power ratio
(PAPR) [3], [4]. Orthogonal Time Frequency Space (OTES),
as presented in [5], is an emerging waveform candidate
designed specifically to overcome harsh channel conditions
through strategic design and resource allocation in the delay-
Doppler (DD) domain. Inherent properties grant OTFS signif-
icant advantages in high-mobility scenarios and challenging
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propagation environments, such as the sub-THz regime, by
making the input-output (I/O) relationship predictable. Previ-
ous studies in [6], [7] show that OTFS and spread-variations
on OTFS show potential in the context of sub-THz band
hardware and channel challenges. Specifically, OTFS often
shows improved performance over Orthogonal Frequency Di-
vision Multiplexing (OFDM), a technique that is widely used
in current 5G and LTE systems, in a variety of studies and
scenarios [8]-[10]. However, OTFS suffers from high PAPR,
making spread variations attractive candidates (like spread
pilots, which reduce PAPR through filtering) [11]. Zak-OTFS
is a new variant of OTFS [12] that is designed to make the I[/O
relation predictable even when the propagation environment is
harsh, and it can also reduce the PAPR [11]. In addition, future
wireless systems in 6G and beyond are projected to support
artificial intelligence/machine learning (AI/ML) and integrated
sensing and communications (ISAC) capabilities [2], making
OTFS an even more advantageous technique since it generates
a time-invariant channel representation (better for training
AI/ML models) and supports the overlay of sensing and
communications resources in the same frame.

As such, in this paper, we focus our attention on the
implementation of Zak-OTFS system with both point and
spread pilots on practical sub-THz hardware to showcase
feasibility for next-generation communications systems. We
design time domain (TD) OTES packets in software using
our Zak-OTFS transmitter and receiver models. We model
two different packets, one using point pilots (where the data
frame is proceeded by the pilot frame) and a second for
ISAC (where the spread pilots and data are overlayed within
the same frame). From there, we integrate our waveforms
onto universal software radio peripheral (USRP) B210 radios
connected to sub-THz frontends to transmit both waveforms
over-the-air at 140 GHz and 240 GHz. We successfully
demonstrate data transmission and sensing capabilities on the
sub-THz testing setup. We see promising performance of Zak-
OTFS in a variety of signal-to-noise ratio (SNR) scenarios
and demonstrate preliminary ISAC capabilities in addition to
reduced-PAPR with spread pilots.

The remainder of this paper is organized as follows: in Sec-
tion II, we describe the system design details of Zak-OTFS;
in Section III we overview our sub-THz testing hardware
setup; in Section IV, we discuss how we integrate our OTFS
design onto the testbed; in Section V, we showcase the results
of wireless transmission of Zak-OTFS with point pilots and



spread pilots; lastly, we conclude in Section VI

II. OTFS SYSTEM DESIGN

For our OTFS transceiver design, we choose Zak-OTFS
(also referred to as OTFS 2.0) [12] as our model. Zak-OTFS
transforms the two dimensional (2D) DD signal directly into
the TD using the Zak transform, which is proven to be more
robust to channel delay and Doppler spreads, more effective
in predicting the I/O relation and has good spectral efficiency
performance compared to other versions of OTFS (like the
most studied MC-OTFS) [13]. When implementing Zak-OTFS
systems with a point pilot, we introduce a guard band around
the pilot location, within which no data is transmitted to get an
efficient channel prediction to equalize on the data. However,
this decreases the overall spectral efficiency and also has has
high PAPR, because of the point pilots. To overcome these
issues, the spread-pilot-based channel prediction technique is
introduced in [11]. The remainder of this section describes
the Zak-OTFS system (transmitter and receiver) used for the
over-the-air experimentation on the sub-THz bands and also
explains the point pilot and spread pilot.

A. Zak-OTFS Transmitter
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Fig. 1: Zak-OTFS baseband Modulation

Consider the fundamental periods of the DD domain to be
7p along delay and v, along the Doppler domains, (7,-v}, = 1).
The delay and Doppler periods are sub-divided into M and
N equal parts, respectively, such that each DD resolution is
(% =4,% =7), where B and T are the bandwidth and
time duration of the Zak-OTFS signal. The M N information
symbols z[k,l], k = 0,1,...M — 1,1 =0,1,...,N — 1 are
mapped onto the M N DD resolutions in the fundamental
domain such that z[k,!] = z[kr,/M,lv,/N]. From [12] and
the properties of the Zak transform, the DD input signal to
the inverse Zak transform should be quasi-periodic' in nature.
From [12], the quasi-periodic continuous DD domain signal
is defined as
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From Fig.1, the output of the twisted convolution is given by
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!quasi-periodic means periodic with a phase shift

In this paper, we consider 2D DD ‘sinc’ filter, wy, (T, V) E
VBT sinc(BrT) sinc(Tv) (refer [13]-[15] for other DD fil-
ters). Substituting (1) and wy,(7,v) in (2) gives
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Applying the inverse time Zak transform on x;‘:]” (1,v) (see
Fig. 1) results in a physical TD signal s (t) [12], i.e.,

Sl (t) = \F/ “’” (t,v)dv 4)

Substituting (3) in (4) (see [16] for the detailed derivation)

glves Br M—1N—1 7—1
- R X Tk | X e
k=0 [1=0 n_,,

sinc (B (t —nTp — 7}))} ()

Now the complex TD signal s, (t) is sampled at a sampling
rate F;, > B, where B is the Nyquist rate. Therefore, the g-th

sample obtained by sampling s, (t) at ¢t = = Jg / Zf is given by
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Since s,(t) has time duration 7' and lies in the interval
[ T/2 T/2 Sm [q] takes non-zero values only for ¢ =

syldl & sy (t=q/Fy)

B. Zak-OTFS Receiver
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Fig. 2: Zak-OTFS baseband Demodulation

At the receiver, a time Zak transform is applied to the
received baseband TD signal r,(f) to obtain a 2D DD
signal y,, (7,v) (See Fig. 2). This signal (y,,(7,v)) is twisted
convolved with the DD receiver pulse shaping filter w,...(, v/)
to get y =, The DD sampled signal y 40 [k,1] is obtained by
samplmg Yo (r,v) at 7 = k3%, v = 3. The entire process
of convertlng the received baseband s1gnal r4(t) to DD a
sampled signal y, [k, 1] (see Fig. 2) can be done in two steps.

1) In the first step,the received baseband TD signal 7, (%)

is passed through an ideal low-pass filter (LPF) and the
filtered output is given by
y(t) = r () * (Bsinc(Bt))=B [sinc(B7)r (t — 7)dr (7
Now limiting the TD signal y(¢) to the TD interval
[-T'/2,T/2] collect the samples at sampling rate B such that

yln] =y (t=%).



2) In the second step, apply discrete time Zak transform
(DZT) to convert the discrete-time signal y[n] to the
discrete-DD domain signal y, [k,1], i.e.,

N-—1
2
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n=— Nl
Fm 0L M 1= 0L N 1.

Note that step one of this two-step process is only valid
if the receiver pulse shaping filter is sinc i.e., wy.(T,v) =

VBT sinc(B7) sinc(Tv).

The DD received signal y [k, ] is the twisted convolution
of the effective DD domain channel filter heg[k,[] with the
input, and the channel filter heg[k,!] is formally defined
in [13]. Using y,,[k,l], we predict the effective discrete
DD channel filter heg(k,!]. The maximum likelihood (ML)
estimate of heg[k,l] is then given by the cross-ambiguity
between the received pilot signal y, [k, (] and the transmitted
pilot signal z; g4q[k, ] (refer [11] for more details), i.e.,
helk, 1) = Ay, e, [k 1]
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for (k,1) € S, where S is the support set over which the DD
channel spreads and x; q4[k, [] can be point or spread pilot sig-
nal used during transmission. After estimating, et [k, 1] Yk,
we generate the predicted channel matrix, (as described in
[13]), and perform minimum mean squared error (MMSE)
equalization to estimate the transmitted information symbols.

C. Pilot signal

We predict the I/O relation from the pilot response (the data
complicates prediction). For the experiments performed in this
paper, we transmitted two types of pilots in the DD domain:
1) point pilot and 2) spread pilot.

1) Point Pilot: A symbol located at (kp,l,) in the DD
domain. i.e., z,[k,[] = d[k — kp|6[l —I,]. From the definition
of quasi-peridocity (see (1)), the discrete quasi-periodic DD
domain point pilot is given by

=" "X 6[k — ky — nMI3[l — 1, — mN] (10)
n,mez

2) Spread Pilot: The DD domain signal obtained by M N-
periodic twisted convolution of a M N-periodic discrete DD
filter w[k, (] with the discrete quasi-periodic signal T, ad [k,1],

ie.,
4 [k, 1] (11)

where ®, denotes the M N-periodic twisted convolution
defined in [11]. The M N-periodic discrete DD filter w(k, ]

is given by
wlk,l] =

xp,dd
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where u € Z is the slope parameter. Substituting (12) in (11)
gives

Y kl€Z, (12)
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Fig. 3: Sub-THz testbed system diagram
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In order to make |z_,,[k,[]| almost constant for all (k,l), M
and N should be odd prlmes and U should be relatively prime
to both M and N. Also 00t STVt o qalk, 1]]2 = 1. Also,
other spread pilots, like ZC pilots defined in [17] can be used.
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III. SUB-THZ TESTBED OVERVIEW

Transmitting within the sub-THz band requires the use
of specially designed transmitter (Tx) and receiver (Rx)
modules. We utilize two upconverter/downconverter pairs,
one which operates at a center frequency of 140 GHz and
another at 240 GHz. The 140 GHz frontends are custom-
built mixer/amplifier/multiplier-chain (MixAMC) units from
Virginia Diodes Inc. (VDI). The MixAMC has a multiplication
factor of 12 and a WR-6.5 conical horn antenna with 13° half-
power beamwidth. The 240 GHz frontends are commercial
off-the-shelf compact converter up/down converters (CCU and
CCD). The CCU and CCD units have a 6x multiplication
factor and WR-4.3 conical horn antennas with 13 © half-power
beamwidth. Starting with the transmit side, the upconverter
module is driven by an external local oscillator (LO) signal
provided by Keysight performance signal generator (PSG).
The PSG is a low-noise signal generator that operates up to
40 GHz, which provides a high enough frequency to drive
our frontend systems given their multiplication factors. The
LO gets multiplied and mixed with an intermediate frequency
(IF) signal. In our case, this IF signal is our OTFS signal
provided by a USRP. USRP B-210 models generate signals
between 70 MHz up to 6 GHz and has an internal clock
rate of up to 60 MHz. On the receive side, we similarly,
connect a downconverter frontend to a PSG to supply the
LO and a USRP for signal processing. Both transmit and
receive USRPs are controlled by a laptop running MATLAB
commands for automated control, leveraging Communications
Toolbox Support Package for USRP Radio. Our testbed setup
is shown in Fig. 4 and the connection diagram in Fig. 3.

IV. OTFS IMPLEMENTATION

To complete over-the-air experimentation, we must synthe-
size our signal processing and design with the wireless testbed



hardware and testing workflow. In this section, we detail our
implementation and define the parameters of the experiment.

A. Baseband Signal Design & Processing

The TD transmit signals are packet-like, containing a
header sequence for synchronization and recovery followed by
the baseband Zak-OTFS signal. We used a three-segmented
Zadoff-Chu sequence with different lengths as the header
sequence to synchronize data and estimate carrier frequency
offset (CFO) [18]. For the experiments in this paper, we
designed two different baseband Zak-OTFS signals, one for
point pilot case and the other for spread pilot case.

For the point pilot case, we transmit pilot and data in
separate DD frames. In one DD frame, we transmit only
point pilot at location (k, = %,lp = %) making other
DD resources as zero and in the adjacent frame, we transmit
the information symbols. We separately transform these DD
frames into TD using Section II-A. We concatenate these two
TD signals to create a baseband Zak-OTFS signal ready to
sense and communicate. At the receiver, once syncronized,
we deconcatenate and transform separately the pilot and data
signal from TD to DD domain. The predicted DD channel
from the received DD pilot signal is used to equalize the data
in the data frame?.

For the spread pilot case, we use (13) and (k, = %, l, =
%)3 to create a DD spread signal which is added to the
DD information symbols, and then the combined signal is
transformed into TD to get the baseband Zak-OTFS signal
[11]. Once syncronized at the receiver, we transform the TD
signal to DD domain and use the combined, spread pilot plus
data, signal to predict the channel. Now using the predicted
channel, we remove the contribution of the spread pilot from
the received DD signal to get the received DD data frame.

In both cases, point pilot and spread pilot, we predicted
the DD channel by the cross-ambiguity operation between the
received DD signal and the pilot signal. There are different
energies associated with each DD information signal and the
pilot signals* [11].

B. Over-the-air Communication

The wireless transmission workflow is as shown in Fig. 3.
We generate the TD transmit signal, from Section II-A, using
our custom-built Zak-OTFS transmit MATLAB code. This
signal is sent from the computer to the transmit side USRP via
USB and MATLAB commands. The USRP converts the input
signal from baseband to radio frequency (RF) and outputs an
RF signal at the specified center frequency. This signal serves
as the input of the IF signal to the Tx frontend. We set the
LO to the appropriate frequency based on the multiplier and
center frequency (approximately 11.7 GHz for the MixAMC
and 40 GHz for the CCU/CCD units) of the Tx frontend
system. Driven by the LO and IF signals, the Tx frontend
upconverts this signal to its associated sub-THz frequency

2For the setup, the channel remains constant for the two OTFS frames.

3M, N are even for point pilot case and M, N odd for spread pilot case.

4More details on cross-ambiguity and the energies of pilot and data signals
are given in [11]

(140 GHz for the MixAMCs and 240 GHz for the CCU/CCD
systems). The Tx frontend transmits the upconverted signal
over-the air to the Rx frontend. Taking the input LO, the Rx
frontend downconverts the received signal and outputs to the
receive-side USRP (See Fig. 3) . The USRP downconverts
the IF signal to baseband and interfaces with the computer
for receive processing. The signal processing described in
Section II-B is handled by the custom build Zak-OTFS receive
MATLAB code.

C. Zak-OTFS Experiments

To showcase proof-of-concept transmission and reception,
we transmitted the two different baseband Zak-OTFS signals
(discussed in Section IV-A) over-the-air on the testbed with
both the 140 GHz and 240 GHz frontends. We set the distance
between the Tx and Rx to a fixed value of 1 m and varied the
power by adjusting the internal gain on the USRP; this varies
the SNR scenarios under test. For the Zak-OTFS testing with
point pilot, we varied the gain between 40-60 dB to collect
results for different SNRs, to gain insight on the performance
in different channel conditions (noisy versus clear). For the
spread pilot OTFS case, we test for a set USRP gain 60 dB
and look for the channel prediction along with recovering
the overlayed data. Given the stationary, line-of-sight (LOS),
set up with no know interferers, we expect a strong LOS
component with no reflections. Also, the design of the DD
grid is tailored less to the expected channel conditions and
more to the hardware limitations.

V. RESULTS

The THz testbed used for the over-the-air experimentation
of Zak-OTFS waveform is shown in Fig. 4. The different
parameters, both hardware and the Zak-OTFS system param-
eters, used or the experiments on the THz testbed, are shown
in Table I. In this section, we present the results for both data
transmission and sensing capabilities of Zak-OTFS system at
THz frequencies.

A. Zak-OTFS results with point pilot

We successfully transmitted the Zak-OTFS waveform with
point pilot described in Section IV at 140 GHz and 240 GHz
RF frontends in three SNR regions: “low” (<8 dB), “moder-
ate” (=12 dB), “high” (>20 dB). Fig. 5 shows the received
constellations at 140 GHz for the three SNR regions described
above. The bit error rate (BER) obtained in this three SNR
regions are: 0.13 at 7.6 dB (low) , 0.05 at 11.6 dB (moderate),
and 9.7 x 10~% at 21.9 dB (high). Also, in Fig. 6, we show

TABLE I: Zak-OTFS & Hardware Parameters

Parameters Point Pilot Case | Spread Pilot Case
Base Modulation QPSK QPSK
Doppler Period (vp) 30 kHz 30 kHz
Delay Period (1p = 1/vp) 33.3 us 33.3 us
Doppler Taps (N) 48 37
Delay Taps (M) 32 31
Bandwidth (B) 960 kHz 930 kHz
USRP Tx/Rx Gain Varied Varied

Tx/Rx Separation 1 m I m
IF Frequency 2 GHz 2 GHz
RF Frequencies 140, 240 GHz 140, 240 GHz

the received constellations at 240 GHz for the same three




SNR regions and the correspondinf BERs are: 0.16 at 6.8 dB
(low) , 0.05 at 12.4 dB (moderate), and no errors at 29.0 dB
(high). Of note, our ability to access higher SNR regions with
the 140 GHz system is limited by the additional multiplier
stage in the hardware compared to the 240 GHz frontends;
each multiplier is an additional source of noise, so 140 GHz
captures, in-general, tend to be noisier than 240 GHz for the
same input power. Therefore, our high-SNR case for 140 GHz
is at a lower SNR than the 240 GHz system and has noisier
results.

(a) Low SNR (b) Moderate SNR
2
go

(c) High SNR
Fig. 5: Zak-OTFS constellations at 140 GHz

B. Zak-OTFS results with the spread pilot

As mentioned in Section II-B, to keep the absolute value
of the spread pilot constant in all DD resources, we choose
u = 5 coprime for both M and N (check Table I). With this
u =5 and the parameters from Table I, we plot |z, [k, ]| in
Fig. 7(a) for the spread pilot. It can be seen in Fig. 7(a) that
all the DD resources have equal/constant spread. Using the
signal processing for spread pilot, mentioned in Section IV,
the recovered DD signals at 140 GHz and 240 GHz are
shown in Fig. 7(b) and Fig. 7(c) respectively. Note that the
recovered DD signals, Fig. 7(b) and Fig. 7(c), have data
combined with the spread pilot. Using the cross-ambiguity
operation, (refer to [11] for details), we first predict the

channel response at 140 GHz and 240 GHz using Fig. 7(b)
and Fig. 7(c) respectively. The predicted channel responses at
140 GHz and 240 GHz are shown in Fig. 7(d) and Fig. 7(e)
respectively. Using this predicted channel, after removing the
contribution from the spread pilot, we equalize the effect
of the channel on the data. The recovered constellations at
140 GHz and 240 GHz are shown in Fig. 7(f) and Fig. 7(g)
respectively. Focusing primarily on the channel prediction
result, we observe a strong component centered within the DD
grid, with no other significant components. As expected for a
stationary LOS set-up, there is no DD shift of the main com-
ponent into another bin. No observed additional components
showcases the lack of reflectors in our setup. Furthermore, we
successfully demonstrated data recovery from the ISAC frame.
We note a BER of 0.23 for 140 GHz case and BER of 0.01
for 240 GHz (as showcased by the constellations in Fig. 7(f)
and Fig. 7(g) respectively). We conducted this with the same
USRP gain as our high SNR scenario (60 dB). and find that
there are some performance degradations from intertwining
the pilot and data within the same frame, however, this can
be improved with better decoding. In addition to the sensing
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Fig. 6: Zak-OTFS constellations at 240 GHz

capability, we measured the PAPR of the point pilot compared
to the spread pilot and found a performance improvement of
~9 dB by using the spread pilot signal (=15 dB compared
to ~6 dB), which corroborates the results presented in [11].
For the entire signal (pilot and data together), we observe
~11 dB PAPR for the point-pilot Zak-OTFS signal compared
to the ~6 dB with the spread pilot, which makes ~5 dB
improvement. For sub-THz systems, which are very sensitive
to PAPR, this is a promising result.

VI. CONCLUSION

In this paper, we presented Zak-OTFS with point and spread
pilots as potential candidates for next-generation sub-THz



communication systems. We demonstrated both waveforms
over-the-air on practical sub-THz wireless communications
testbed and evaluated data recovery in a variety of SNR
conditions. In addition, we showcased ISAC capabilities and
PAPR improvements with spread-pilots. Future work includes
more comprehensive BER and SNR measurements to provide
a true characterization of performance, as well as tailoring
OTFS DD parameters for ultra-wide bandwidths enabled by
the sub-THz spectrum.
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Fig. 7: ISAC for Zak-OTFS with spread pilots.
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