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Abstract

Orthogonal time frequency space (OTES) is a promising waveform in high mobility scenarios
for it fully exploits the time-frequency diversity using a discrete Fourier transform (DFT) based two
dimensional spreading. However, it trades off the processing latency for performance and may not fulfill
the stringent latency requirements in some services. This fact motivates us to design a hybrid frame
structure where the OTFS and Orthogonal Frequency Division Multiplexing (OFDM) are orthogonally
multiplexed in the time domain, which can adapt to both diversity-preferred and latency-preferred tasks.
As we identify that this orthogonality is disrupted after channel coupling, we provide practical algorithms
to mitigate the inter symbol interference between (ISI) the OTFS and OFDM, and the numerical results

ensure the effectiveness of the hybrid frame structure.

I. INTRODUCTION

Delay-Doppler domain modulation (DDM) is an emerging technique that is potentially a
candidate feature for the next generation wireless communications. Unlike conventional OFDM,
OTFS multiplexes the modulation symbols in the delay-Doppler domain instead of the time-
frequency domain, resulting in a clear input-output relationship that can be resolved to reflect
the channel coupling. One well-known variant of the DDM is the orthogonal time frequency
space (OTFS) [1], which employs an ISFFT (inverse symplectic finite Fourier transform) before
the OFDM modulator to implement the resource mapping in the delay-Doppler domain.

The key feature of OTES is the two dimensional spreading via the ISFFT, which provides an

opportunity for OTFS to achieve full diversity in both time and frequency. However, the cost is
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the relatively long latency, large hardware buffer, and the computational complexity for a frame-
based detection. While being granted better spectrum and energy efficiency by removing the
per-symbol cyclic prefix (CP), the OTFS suffers from inter symbol interference (ISI) which is
prevented from using the single-tap equalizer. The existing detection schemes such as the message
passing algorithm (MPA) [2] [3] and the expectation propagation algorithm (EPA) [4] usually
exhibit high complexity or the complexity grows rapidly as the frame size increases, which may
prevent practical use in certain scenarios with large frame size. A series of alternative symbol
detection schemes have been proposed to alleviate the complexity, but all of them trade off for
overhead. The method proposed in [5] and [6] sacrifices the spectrum efficiency by attaching
zero-padding (ZP) in delay-Doppler domain symbols to mitigate the inter Doppler interference,
then low complexity iterative RAKE decision feedback equalizer (IR-DFE) can be utilized for
symbol detection. However, the ZP overhead could be reduced by implanting the pilot pulse or
sequence [7/] for channel estimation in the padding area. CP-OTEFS is discussed in [8] where
per-OFDM-symbol CP is appended to enable symbol-by-symbol detection with low latency and
complexity. In [9] a precoding approach is utilized to alleviate the detection complexity at the
cost of additional channel state information (CSI) signaling.

The OTFS modulation is naturally not suitable for small package transmission since the
performance relies on larger frame size to enjoy better delay and Doppler resolution and time
frequency diversity. Therefore, the aforementioned techniques still face the processing delay
problem. 5G NR now supports different waveforms such as CP-OFDM and DFT-S-OFDM for
time division multiplexing. Users who support both waveforms can switch the waveform at either
time slot or symbol level. This inspires us the following idea. If solely the OTFS waveform is
not the optimal choice for certain scenarios, we might consider a frame structure to synthesis
the OTFS modulation and OFDM together, allowing each of them to play to their strengths.
The OTFS modulation is utilized to send large package with extra reliability and no stringent
latency requirements, while the OFDM is used to send small package with less reliability and

low latency.

II. THE TRANSMIT WAVEFORM DESIGN

In this section, we demonstrate the design principle of the proposed frame structure and

the discrete time representation of the transmit signal. Since the delay-Doppler and the time-
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frequency domain are inter-convertible using ISFFT and its inverse, we can develop a simple
implanting scheme based on the property of the Fourier transform to achieve an orthogonally
multiplexed OTFS and OFDM symbols.

We inherit the conventional notation in 5G NR and denote the two dimensions of a time-
frequency resource grid as OFDM symbols and sub-carriers, respectively. We use bold capital
letters for matrices, bold lowercase letters for vectors, and italic lowercase letters for scalars.
We denote ®, o and @ as the Kronecker product, Hadamard product and Hadamard division
respectively.

Suppose a a frequency domain sequence x is the DFT of a time domain sequence s. The time
domain interpolation with ¢ — 1 zeroes is equivalent to the frequency domain repetition ¢ times,

which is illustrated in ().
IDFT([S(), 0, .y S1, 0, vy S1—1, 0, ])
i—1

= [?07 vy L1, L0y weey Ll—1y oey LOy +ovy xl—L] (1)

~
Duplicated for i times.

Therefore, by repeating the modulated symbols of OTFS in the delay or Doppler dimensions
1 times, we let the OTFES only occupy a fraction of % of the OFDM symbols or sub-carriers
within a frame, while the leftovers, i.e., the unoccupied OFDM symbols or sub-carriers, can be

utilized by the OFDM for resource mapping.

A. Frame Structure and Transmit Signal

We mainly consider the Doppler dimension repetition and leave idle symbols for the OFDM
transmission for the following reasons. Firstly, as the OFDM user carries out the demodulation
in a symbol-by-symbol manner, and several OFDM symbols may belong to the same OFDM
slot, it is preferred to keep the continuity of the OFDM symbols to reduce processing latency.
Secondly, in this case the inter-carrier-interference (ICI) between the OTFS and OFDM can be
avoided, while the ISI can be efficiently mitigated by the proposed receiving process.

Our implanting scheme is illustrated in figure [I, in which the delay-Doppler domain mod-
ulation symbols repeat for four times along the Doppler dimension. After converted to time-

frequency domain, three idle OFDM symbols out of four are leftover for OFDM transmission.
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Fig. 1. Tllustration of time domain repetition.

We denote the three consecutive OFDM symbols as an OFDM slot. Depending on the service
requirements, either one or multiple OFDM slots can be used for sending an OFDM data block.
Assume that in time-frequency domain N;; OFDM symbols will be occupied by the OTFES and
N¢s will be occupied by the OFDM, we denote the OTFS data symbols as Sgq, Sqq € CMxNaa
and the OFDM data symbols as S, S;; € CM*Ns | where Nyg + N;y = N.
We apply a Doppler dimension extension to the OTFS data symbol matrix to obtain a M x N
matrix, i.e., 11, ® Sgq, Where 11,7 is a 1 x M vector with all 1 entries. Then we apply the

ISFFT to obtain the OTFS data symbols in time-frequency domain as follows.
Xaa = Far(lixy @ Saa)Fy. (2)

We apply a a time dimension zero interpolation to the OFDM data symbol matrix, i.e., start
before the first column, we insert a zero columns every N, columns to obtain a M x N matrix

for Ngq times, where Nyq - Ny = Nyy. Mathematically, it is expressed as the following equation.

th = Stf(INdd ® [ONst INS])’ 3)

where Oy, x1 1s @ Ny x 1 vector with all O entries, and I,, is the n-order unit matrix.

The transmit symbols in time-frequency domain is the sum of X4 and Xy;.
X =Far(Lixyr @ Sad)FN + Sir(In,, ® [On,x1, In.]), “4)

The OTFS and OFDM symbols are orthogonally mapped in the time-frequency domain as ().

After obtaining the time-frequency domain resource mapping, we use the Heisenberg transform
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analogous to conventional OFDM to get the time domain signal.
S = G,FiX
= Go(Lixar ® Saa)FY
+ G S (Iy,, @ [On, 1, In)), (5)

We follow the sameline as in [2] where the rectangle pulse shaping is adopted, then the vector

form of (@) can be written as,
s=Fl @ Vxy + 1V @ Filxyy, (6)

where

Xgq = vec(F (110 @ Sqa)FR),
x¢p = vec(Sir(In,, @ [On,x1,In,])),

and vec(-) denotes the column-by-column vectorization of a matrix.

B. OFDM Symbol Precoding

Since the OFDM requires a CP to remove the ISI and convert the channel coupling effect
from linear convolution to circular convolution to enable the single-tap FDE (frequency domain
equalization), while the OTFS does not. We propose the following precoding scheme to add the
CP for the OFDM while keeping the same symbol time of the CP appended OFDM with the
CP-free OTFS.

We denote the original modulated symbols of the OFDM user as §;7,8 € CM=M=LepxNy,
As illustrated in figure [I] we first use a size M — L., DFT to obtain the time domain signal,

then add the CP and convert it back to frequency domain using a size M IDFT. This process is

equivalents to a precoding process as the follow,
s = FyBo,Fi ;. 8, (7

. . . OLc M—QLC ILC .
where the precoding matrix is F¥B.,Fy_;  and B, = »x( ») N

IM —Lcp
the operator for appending CP [8].

After the precoding process, the OFDM symbol is protected by the CP in time domain

while keeping the same symbol duration with the OTFS. In this way, the time domain channel
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Fig. 2. The structure of the transmitter and the receiver.

consistency for the OTFS users is maintained and the transformation rule between time-frequency

and delay-Doppler domain would not be violated.

III. RECEIVER PROCESSING FOR SYMBOL DETECTION

The proposed frame structure achieves a synthesis waveform where the OTFS and OFDM
orthogonally multiplexed in the time domain, therefore it is expected to be easily separated and
demodulated independently. However, the orthogonality will be disrupted after coupling with the
multi-path delay channel and the ISI is introduced.

Starting form the received time-domain signal (), the continuous time domain input-output

relation can be written as,
r(t) = / h(r,t)s(t — 7)dT, (8)
0
where h(7,t) is the continuous time-varying channel impulse response. The discrete time form
of r(t) after sampling is written as,

= h(l,q)slg—1). )

leL
where L represents the set of all path delays.

The time domain input-output in (@) of the OTFS frame can be written in vector form as
r = H;s +w where H, € CMN*MN g the equivalent time domain channel matrix determined
from path delay, Doppler, channel gain and shaping pulse in the same way as [3]. We can

substitute (7) in above equation and get the follows,
r=H,(FY @ xy + IV @ Fiix;p) +w. (10)
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Obviously, if the time domain equivalent channel matrix represented by H; is not a diagonal
matrix, then the mutual interference between the OFDM and OTFS is introduced and efficient

interference mitigation schemes are demanded.

A. OFDM Detection

In the proposed structure, the OFDM symbol is appended with a CP to enable the single
tap equalizer. A properly CP length which greater equal than the maximum delay spread will
eliminate the ISI after detaching the CP. Hence the symbol-by-symbol detection is still applicable
for OFDM user in the hybrid frame structure.

The received signal is firstly removed the CP and then converted to the 2D time-frequency
grid using the Wigner transform, followed by a single tap FDE to decouple the channel. If the
MMSE criterion is adopted, the OFDM detection can be written as,

X, = (h} o (Fy_r,,B_ 1)) @ (|he|” + 0?), (11)

where o2 is the noise variance, x,, is the transmit data symbols on the n-th OFDM symbol and

M—Lcp) X

r,, is the corresponding received signal in time domain, h} € C( 'is the conjugate of the

frequency domain channel.

B. OTFS Detection

In contrast to OFDM, the OTFS user is prone to ISI in the absence of CP, which makes the
symbol detection challenging. According to (I1), a straightforward way to mitigate the ISI is
directly equalizing r in the time domain upon obtaining the channel matrix H;. This kind of
equalizers, such as (HZH; + NoI)"'HZ requires calculating the inverse of a M N x M N matrix,
which is rather large and may be prohibited from practical applications.

Recall that the entries of the delay-Doppler domain channel response matrix Hyy € CM*V js
uniquely obtained defined by a set < hy,, 73, v, >, where we denote h;,, 7, and v, as the as the
channel gain, delay and Doppler respectively. Here 7;, and v, determines the position while Ay,
determines the value of the channel response of the /;-th propagation path.

As the channel response couples with the transmitted signal in a two dimensional convolution
manner in the delay-Doppler domain, the corresponding time-frequency domain channel response

couples with the transmitted signal in a element-wise product manner, if we assume ideal pulse
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shaping is adopted [S]]. Although in practice we adopt the rectangular pulse and this relationship
does not strictly holds, we can still apply a low complexity frequency-time domain equalizing

to alleviate the ISI to enable a rough separation of the OFDM and the OTFS symbols.
Y = (Hj; o (FuR)) @ (Hy | + %), (12)

where r = vec(R) and R = vec™!(r).
Since most of the ISI is removed in the operation in (I12)), we can extract the OTFS component
from the received signal by directly removing the OFDM data symbols in Y and get the delay-

Doppler domain symbols as follows,

. . 1
Yu=F} [Y|Iy,® Fy, (13)
On,
where Oy, is zero square matrix of dimension V.
After the above processing, conventional OTFS detection schemes such as the MPA or IR-DFE

can be directly applied to Y i

IV. INTERFERENCE CANCELLATION PROTOCOL

The time-frequency domain separation (TFDS) can be easily implemented but the approxi-
mation results in the residual ISI, which will degrade the symbol detection performance. In this
section we provides an alternative approach to remove the ISI and discuss the corresponding

protocols.

A. The Interference Cancellation

Suppose the OTFS user is allowed to demodulate the OFDM data under some protocols. The
entries of the OFDM data symbol matrix X, 7 is estimated by the OTFS receiver analogous to (10)
with a hard decision on exact modulated symbols. Based on the estimated X, ¢ the interference
cancellation can be done to the received signal.

We can cancel the information in time domain directly as follows. Upon obtaining the equiv-
alent time domain channel matrix H; and estimated OFDM transmit data symbols matrix th,

we can write down the OFDM interfering term at the OTFS receiver as,

Ar = Hyvec(FIL X, ), (14)
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Fig. 3. The blind interference cancellation procedure.

Then we obtain the interference canceled OTFS delay-Doppler domain symbols as,
Y,y = Fllvec™ (r — Ar)Fy. (15)

After the time domain interference cancellation (TDIC) or the TFDS mentioned in the previous
section, conventional OTFS detection algorithms are followed to detect the modulated symbols.
As in the proposed structure the OTFS frame covers a number of OFDM slots, therefore low
complexity solutions are preferred. Enlightened by [3S]] and [[10], the IR-DFE is adopted for OTFS
symbol detection after interference cancellation, where the idea of maximum ratio combining is

borrowed for SINR enhancement [11]].

B. Protocols Design

Suppose the OTFS and OFDM are adopted by different users. The symbol level interference
cancellation at the receiver relies on the knowledge on the configurations of the OFDM users,
such as modulation scheme and resource occupancy. A straightforward way to indicate these
configurations is to send a message from the transmitter to the receiver. Based on the collected
information, the OTFS receiver could demodulate the OFDM symbols with the proposed inter-
ference cancellation scheme. However, if the OTFS and OFDM users are different individuals,
information security problem may arise since the transmit symbols of the OFDM users are
demodulated by someone else. Fortunately, this risk can be avoided since the actual transmitted
bits could be encrypted and protected by the bit-level encoding.

Furthermore, in practical protocol there are only a few alternative MCS (modulation and coding
schemes) and resource configurations, the OTFS user is enabled to perform blind interference
cancellation to reduce the signaling overhead, which is illustrated in figure 3l For example, the
OFDM user can be forced to rate-match to one OFDM slot with limited choice of sizes, then the

uncertainty on the resource occupancy is reduced. Meanwhile, a long term configuration pool
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TABLE 1

SYSTEM PARAMETERS

Parameter Value
Carrier frequency 28GHz
Sub-carrier spacing 60e3
[V, M] [16,512]
[Naa, Nl [8.8]
Delay and Power profile 3GPP EVA, EPA, ETU
Modulation 16QAM
Code Low-density parity-check code (LDPC), rate = 0.5
Velocity 3, 30, 200, 300, 500km/h

of the MCS is provided with only a few candidates. Then with only a few hypothesis tests,
the OTFS receiver could successfully guess the modulation order of the OFDM and cancel the

interference. In such cases the signaling overhead is negligible.

V. NUMERICAL RESULTS

In this section, we provide the numerical evaluation. We consider a frame of size N x M,
where N and M correspond to the number of Doppler and delay taps in the delay-Doppler
domain and the number of OFDM symbols and sub-carriers in the time-frequency domain. We
assume that each of the OFDM symbols is allocated with the same power to maintain consistency
in the power amplifier state, while ensuring a fair comparison between OTFS and OFDM. The
channel delay model adopts the 3GPP extended vehicular A (EVA), extended pedestrian A
(EPA), and extended typical urban (ETU) models, and the Doppler shift for the i;, path follows
a uniform distribution U(0, y,4,) Where 1,4, is the maximum Doppler shift calculated based
on the velocity and carrier frequency. The detailed system setup is shown in Table [Il

Both the performances of time-frequency domain separation and interference cancellation are

evaluated. We investigate the bit error probability (BER) under perfect CSI and also the BER
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Fig. 4. TDIC outperforms TFDS with perfect CSI.
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Fig. 5. TDIC outperforms TFDS with imperfect CSI.

under imperfect CSI obtained by delay-Doppler domain channel estimation. In both cases, the
raw BER (i.e., the BER without channel coding) and the coded BER are provided.

We first demonstrate the role of interference cancellation via a comparison of TFDS and TDIC
in Figures 4] and [3 It is observed in both coded and uncoded systems that TDIC outperforms
TFDS in all cases. However, TFDS is still an option to consider for its low complexity and
overhead.

We then demonstrate the performance of the TDIC in both perfect and imperfect CSI in figure
The performance of TDIC with perfect CSI is slightly better than that with imperfect CSI

in terms of raw BER. However, this marginal advantage vanishes after introducing the channel
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Fig. 7. The OTFS outperforms the OFDM without channel coding.

coding. Therefore we can conclude that the proposed TDIC is robust in practical communication
systems.

Figures [7] and [ illustrate the performances of both OTFS and OFDM in the hybrid frame
structure with perfect and imperfect CSI, respectively. At a speed of 3km/h, the raw BER of
OTFS is recorded as 1% at 27dB, while OFDM achieves the same BER at 28dB. As the speed
increases to 30km/h, the raw BER of both OTFS and OFDM remains roughly the same as that
at 3km/h. At a speed of 300km/h, the raw BER of OTFES is recorded as 0.02 at 22dB, while
OFDM is 4dB worse. This observation is consistent with the common knowledge that OFDM

is prone to high Doppler, while OTES is not.
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Fig. 9. The performance of the hybrid frame structure and standalone ones with channel coding.

Aided by LDPC coding, the performances of both OFDM and OTFS are significantly im-
proved, as shown in Figure [8 If the OFDM user occupies multiple OFDM symbols, cross-symbol
diversity could be introduced by the channel coding. Therefore, we observe that OFDM enjoys
more coding gain in high Doppler scenarios. The performance gap between coded OTFS and
OFDM in the hybrid frame structure is around 4 to 6 dB using the setup in Table [Il

Figure |9 illustrates the performance gap between the proposed hybrid frame structure and the
standalone ones. It is observed that the performance of the OFDM in the hybrid frame structure
is comparable to the standalone one due to the adequate protection by the CP. Furthermore, the

TDIC-based OTFS successfully removes the ISI, with only a slight performance degradation.
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Fig. 10. The performance of the hybrid frame structure in EPA and ETU models.

Figure [10] demonstrates more results in EPA and ETU channel models, followed by the same
observation as in Figure [Ol Therefore we can conclude that the proposed frame structure has a

wide range of channel adaptability.

VI. CONCLUSION

In conclusion, a hybrid frame structure consisting of OTFS and OFDM is studied in this paper.
Based on the proposed transceiver design, users with different waveforms achieve co-existence
where the mutual interference can be mitigated by the proposed interference cancellation scheme.
The numerical results show the ISI is effectively mitigated by the TDIC where the performance
difference between the the standalone OTFS or OFDM and the ones within the hybrid frame is
less than 0.5dB at the same BER. The proposed design provides a practical solution to accom-
modate multi-task-oriented communication in 6G, where the users with different numerology
work simultaneously for different communication tasks to better exploit their advantages, and
this framework can also be extended to other OTFS and OFDM variants for particular scenario,

with a suitable symbols detector design.
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