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Abstract—Orthogonal  frequency division  multiplexing
(OFDM) and orthogonal time frequency space (OTFS)
are among the most intensively researched communication
waveforms in the literature, yet comprehensive studies of how
the waveforms determine their relative performance under
different channel conditions remain limited. In this paper, we
introduce the notions of symbol spreading (SS) and interference
spreading (IS) to develop a time-frequency (TF)-domain
analytical model for both OFDM and OTFS. We derive explicit
expressions for the SS and IS and elucidate their behavior
across different channel conditions with varying delay and
Doppler spreads. It reveals the distinct SS-IS characteristics
of OFDM and OTFS, and their effects on the TF diversity,
signal-to-interference ratio, and BER. We then analyze how
SS and IS affect data detection with interference-agnostic and
interference-suppressing equalizers, and in both uncoded and
coded transmissions. In coded communication, to enable reliable
soft-symbol decoding, we propose a novel low-complexity
variational Bayesian log-likelihood ratio (VB-LLR) detector
and study the impact of soft-symbol quality at different code
rates. Our theoretical analysis and simulations reveal interesting
insights on (a) the relative performance of OFDM and OTFS over
a wide range of delay and Doppler spreads; (b) the superiority
of OTFS in uncoded communication; and (c) how channel
coding enables OFDM to achieve performance comparable to
OTFS at moderate code rates and even outperform OTFS at
lower code rates, with the VB-LLR detector.

Index Terms—symbol-spreading, interference spreading, time
frequency diversity, delay effect, Doppler effect.

I. INTRODUCTION

Rthogonal frequency division multiplexing (OFDM) has
been the waveform of choice in 4G and 5G cellular wire-
less systems (and 6G also) due to its low-complexity receiver
architecture and efficient practical implementation [1]. How-
ever, OFDM diagonalizes the channel-and hence enables low-
complexity equalization—only in purely delay-spread scenar-
ios with negligible Doppler spread. However, next-generation
wireless systems target high-mobility communication scenar-
ios [2], [3] where the multipath Doppler shifts lead to delay-
Doppler (DD)-spread channels. Under such conditions, OFDM
loses its diagonal structure due to severe inter-carrier interfer-
ence (ICI), causing significant performance degradation [4].
Orthogonal time-frequency space (OTFS) modulation [5],
[6] has been recently proposed as an alternative waveform,
and has been shown to outperform OFDM in DD-spread
channels. However, unlike OFDM in purely delay-spread
channels, OTFS does not diagonalize DD-spread channels
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and hence requires sophisticated equalization techniques to
obtain the performance benefits. This raises a fundamental
question: is there an intrinsic mechanism that enables OTFS
to outperform OFDM, or does the superiority of OTFS stem
from the more sophisticated equalizer employed? To address
this, we introduce the notions of symbol spreading (SS),
quantifying how the modulation scheme intends to spread a
transmitted symbol over the time—frequency (TF) domain after
propagation through a DD-spread channel, and interference
spreading (IS), which characterizes the unintended residual
spreading of the symbol over the TF domain, resulting in
interference to all other symbols. Using this, we analyze the
relative performance of OFDM and OTEFS across different
channel conditions and equalizers, and elucidate the funda-
mental reasons behind their observed performance trends in
both uncoded and coded transmissions.

A. Related Work and Motivation

1) Uncoded Communications: In [4], [6], [7], uncoded
OFDM and OTFS are empirically compared over DD-spread
channels; however, the underlying reasons for their relative
performance are not analyzed. The DD-domain diversity of
OTFS is investigated in [8], [9], motivating the notion of
SS, but the impact of interference power on performance is
not examined. In contrast, [7], [10] focus on the computation
of ICI and inter-symbol interference (ISI) powers in OTFS.
Further, [11] shows that OTFS performance depends not only
on the interference power but also on the number of interfering
symbols in the DD domain, motivating the notion of IS;
however, its impact on performance under different equalizers
is not analyzed. The joint influence and trade-offs of SS-
induced diversity, interference power, and IS on waveform
performance across equalizer architectures remain unexplored.

Advanced OTFS receiver designs for mitigating DD-domain
interference are developed in [12]-[14], without direct perfor-
mance comparisons with OFDM under the same equalization
frameworks. Comparisons under similar complexity equalizers
are presented in [15], [16]. While [15] considers a message
passing (MP) equalizer and observes a pronounced perfor-
mance gap between OTFS and OFDM, [16] shows that low
complexity 1-tap equalization leads to BER floors for both
waveforms. The dependence of the relative performance gap
on receiver complexity, therefore, remains ununderstood. The
impact of mobility on OTFS performance is examined in [7]
through simulations at a few maximum velocities, while [17]
considers variations in delay spread 7,,x and Doppler spread
Vmax Over a limited range and reports robustness of OTFS



TABLE I: Summary of literature on the analysis of OFDM and OTFS performance in uncoded and coded communications.

[4], [6], [20]] [7]| 8], [17]] [10]| [11]|[15], [18]|[19], [23]| [9], [21]]| [22] | This work
Uncoded comparison v v v v |/ v X v X v
SS-induced diversity X X v X | X X X v X v
Interference power computation X v X I/ X X X v v
IS analysis X X X X | v X X X X v
Coded comparsion v X X | X X v v v v
SS-IS on equalizer performance X X X X | X X X X X v
Soft symbol quality vs. code rate X X X X | X X X X X v
All channel conditions* X X X X | X X X X X 4

* Flat-fading, purely delay-spread, purely Doppler-spread, and DD-spread channels, including variations in delay and Doppler spreads.

to these parameters. However, it remains unclear whether this
robustness extends across a wide range of Tyax and Vyax,
or whether it breaks down in certain operating regimes, as
their effects on diversity and interference spreading are not
characterized. In addition, [18] shows improved BER of OTFS
over OFDM in purely delay-spread channels via simulations,
but no theoretical justification is provided. The performance
of OFDM and OTFS across different channels has not been
analyzed within a unified theoretical framework that also
accounts for equalizer complexity. Furthermore, the existence
of performance crossover across different channel conditions
under different equalizer architectures remains unexplored.

2) Coded Communications: In [4], [19], [20], coded perfor-
mance comparisons between OFDM and OTFS are presented,
without theoretical analysis explaining the observed perfor-
mance trends. Furthermore, [9], [21] analyze the relative per-
formance of OFDM and OTFS in terms of coding gain and di-
versity gain, while [10] focuses on ICI power and the resulting
signal-to-interference-plus-noise ratio (SINR). Nevertheless, a
joint analysis that accounts for symbol diversity, interference
power, and their spreading characteristics in coded communi-
cations is unavailable. In addition, [22] considers performance
through simulations under specific channel conditions at a
fixed code rate, while [4], [21], [23] examine a limited set
of maximum velocities also at a fixed rate. However, these do
not investigate the performance across channel conditions with
varying delay/Doppler spreads and code rates. In [4], [20],
maximum ratio combining/full complexity minimum mean
square error (FC-MMSE)-based turbo equalization schemes
for OTFS are proposed; however, their impact on coded
performance is not analyzed. Moreover, existing analytical
results evaluate diversity [8], [9], [21] and IS for OTFS in the
DD domain and for OFDM in the TF domain [11], which does
not enable fair comparison. A common TF-domain analysis is
required. Table I summarizes the focus of this paper in the
context of existing literature.

We develop a unified framework to analyze and compare
OFDM and OTFS under identical equalizers across diverse
channel conditions, accounting for SS and IS, and in both
uncoded and coded transmissions.

B. Contributions and Takeaways
We make the following key theoretical contributions:

1) We develop a TF-domain analytical model that captures SS
and IS in both OFDM and OTFS, revealing their distinct char-

acteristics and the intrinsic effects they induce. Specifically, i)
the SS structure gives rise to differing time and frequency
diversities in OFDM and OTFS. We examine how these
diversities are induced by the multipath delay and Doppler
components (see Theorem 1, (22), and (23) in Sec. IlI-A); ii)
the IS structure leads to either concentrated or fully spread
interference in the TF domain (see Theorem 2 in Sec. III-B);
and iii) the SS and IS power levels (see Sec. III-C) determine
the signal-to-interference ratio (SIR). We also analyze how
these depend on Tyax and vyax Of the channel. These effects
ultimately govern the waveform’s performance.

2) We consider four channel conditions—flat-fading, purely
delay-spread, purely Doppler-spread, and DD-spread. For each
case, we derive explicit expressions for the SS and IS, and
show how they determine the performance of a waveform in
different channel conditions (see Sec 1V).

3) We analyze how the SS-IS effects manifest in data
detection by considering two representative equalizers: an
interference-agnostic equalizer (the 1-tap equalizer, see
Sec. V-A) and an interference-suppressing equalizer (the
FC-MMSE equalizer, see Sec. V-B). We derive the post-
equalization SINR to relate the SS/IS to the BER (see (41),
(43) in Sec. V). For each equalizer, we then explicitly study
(i) the relative performance of OFDM and OTFS, (ii) the
performance trends across different channel conditions, and
(iii) the impact of increasing Tmax and vy ax on the TF diversity
and hence the performance.

4) We conduct a detailed analysis of the source of SS in
uncoded OTFS, which is absent in OFDM. We further show
that OTFS and OFDM can be viewed as two operating points
on a broader spreading-localization continuum, a perspective
not previously explored (see Sec. VI-A).

5) We extend the analysis to coded communications and show
how channel coding enables OFDM to obtain similar SS (thus
TF diversity). This allows OFDM to achieve performance
comparable to OTFS (see Sec. VI-B).

6) We develop a novel low-complexity variational Bayesian-
based log-likelihood ratio (VB-LLR) algorithm for reliable
LLR computation, and investigate how the quality of the
resulting LLRs and the code rates affect the performance of
OFDM and OTEFS (see Sec. VI-C).

Our empirical results corroborate the theoretical analysis and
reveal the following key insights:

o In uncoded transmission, OFDM and OTFS perform compa-
rably in flat-fading channels, while OTFS outperforms OFDM



in harsher channel conditions.

o« For OFDM, and with a 1-tap equalizer, flat-fading and
purely delay-spread channels provide superior performance
compared to purely Doppler-spread and DD-spread channels.
However, when the FC-MMSE equalizer is employed, the
performance in purely Doppler-spread and DD-spread chan-
nels improves significantly and exceeds that of flat-fading and
purely delay-spread channels.

o Under the 1-tap equalizer, OTFS performance is governed
by the TF diversity—SIR tradeoff, while the FC-MMSE equal-
izer provides an equalizer gain in addition to extracting the TF
diversity. As a consequence, performance is best under DD-
spread channels, followed by purely Doppler-, purely delay-
spread, and flat-fading channels.

o« OFDM performance remains unchanged with increasing
Tmax> Whereas OTFS improves up to a saturation point.

o With increasing vp.x, OFDM degrades under the 1-tap but
improves slowly under FC-MMSE; OTFS exhibits an initial
improvement and subsequent degradation under 1-tap, but
improves monotonically under FC-MMSE.

o VB-LLR performs best among the considered equalizers, al-
though, in uncoded communications, the relative performance
of OFDM vs. OTFS remains similar to the FC-MMSE.

e In coded transmission, OFDM becomes comparable to
OTEFS at low (1-tap/FC-MMSE) and moderate (VB-LLR) code
rates, and can even outperform OTFS at lower rates. This sharp
contrast in the behavior of the waveforms with/without coding
is due to channel coding, which enables the extraction of time-
frequency diversity in the channel, especially when VB-LLR
is used to obtain high-quality soft symbol estimates.

o In coded transmission, both waveforms’ performance im-
proves with T, under all equalizers. As vy« increases, they
exhibit an extended improvement region under the 1-tap before
degrading, whereas the performance improves monotonically
under the VB-LLR equalizer.

Notation: ()T, ()%, (), Tx(). [Ill. [Ie. ®. @, [,
vec(-), 1y represent the transpose, Hermitian, complex con-
jugate, trace, ¢o norm, Frobenius norm, Kronecker product,
Hadamard product, floor, vectorization operations, and the N-
dimensional vector of all ones. x;, diag[-], CN'(u,X), and
U (1, p2) denote the vector x after deleting the ith entry, an
operator returning a vector of diagonal entries for a matrix and
a diagonal matrix for a vector, a circularly symmetric complex
Gaussian distribution with mean g and covariance X, and a
uniform distribution on [p1, pa].

II. SYSTEM MODEL

We consider the transmission of a data signal using
OFDM/OTFS waveforms occupying a bandwidth of B Hz and
a time-duration of Ty s, as shown in Fig. 1. In this section,
we present the input—output relationships for these waveforms.
For fair comparison, we consider cyclic prefix (CP)-OFDM
and CP-OTFS [4], [24] in our system model.

A. OFDM Modulation

Consider an OFDM system with M subcarriers and a sub-
carrier spacing of Af = B/M. The OFDM symbol duration
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Fig. 1: Transmitter and receiver blocks for OFDM and OTFS.

is T = 1/Af, and the total duration T4 can accommodate
N = LTIdTCPJ symbols, where Tcp denotes the CP duration
associated with each symbol. At the transmitter side, the
OFDM modulator is represented by the inner block in Fig. 1.
The data symbols are mapped onto the TF domain in a
two-dimensional (2D) fashion, Xtp € CM*N_ An M-point
inverse discrete Fourier transform (IDFT) followed by pulse-
shaping with a filter g (t) for ¢ € [0,7], and a parallel-to-
serial conversion, yields the time-domain signal vector as

sr = (Iy ® GuF))x1r = Grxrr, (1)

where G = ding[gue(0). gex (7). - (P 0)] €

CMxM_ F, e CM*XM and Iy € CN*N denote the
unitary DFT and identity matrices, respectively, and xpp =
vec(Xtr) € CMN, We assume a rectangular pulse shaping
filter, i.e., Gix = I, and thus, the OFDM modulator matrix
is given by Gp £ Iy ® Flf € CMNXMN [4],

B. OTFS Transmitter

The OTFS transmitter block consists of an inverse symplec-
tic finite Fourier transform (ISFFT) followed by an OFDM
modulator, as shown in the outer box on the transmitter side
of Fig. 1. For M x N OTFS system, we mount the data
symbols on the 2D DD domain, Xpp € CM*N | with delay
and Doppler bins 375+ and g7 for I € {0,...,M — 1}
and k € {0,..., N — 1}, respectively. The symbols are then

converted to the TF domain using the ISFFT operation as

Xrp = Fy XppF¥. )

The vectorized version of the TF domain symbols can be
represented as

xtr = vec(Xrr) = (Fy ® Fy)xpp = Grxpp, (3)
where the OTFS pre-processing matrix is denoted by
Gt 2 F @ Fy € CMNMN, &)

and xpp = vec(Xpp) € CMN  Then the symbols go through
the OFDM modulator, and we get the time domain signal
vector, similar to (1), as [4]

st = GrGTXpD- )

We then append a CP of [TcpB] samples in the time domain
to each time block of the OTFS frame. Thus, the total number
of data symbols transmitted over the bandwidth B Hz and
time duration 7y s is the same for OFDM and OTFS.



C. DD-Spread Channels

We consider a DD-spread channel, where the received signal
corresponding to the input s(¢) is given by

r(t) = Z; hps(t — 7,)e?2™rt o (t). (6)

Here, P denotes the number of discrete scattering paths,
(hp, Tp,vp) denote the complex channel gain, delay, and
Doppler shift of the pth path, and w(t) represents the complex
AWGN. Further, 7, € [0,Tmax] and v, € [—Vmax,Vmax)s
where Tyax and vmax denote the delay and Doppler spreads of
the channel, respectively. Thus, 7, and v, can take fractional
values. The signal s(¢) corresponds to the continuous-time
version of s (as in (1) and (5)) after adding the CP, as
illustrated in Fig. 1. We also assume that the CP duration
satisfies Tcp > Tmax- At the receiver, after CP removal, the
signal can be expressed in matrix-vector form as [24], [25]

r = H's + w'. @)

The time-domain channel matrix H! € CMN*MN jg gijven by
N—-1 P

H 2 Y (e,e]) @ (Z hij;f,rpFMAp,n), )
n=0 p=1

where e,, is the nth canonical basis vector in CV, with

T, = diag(y,) and A, ,, = diag(dy ). )

Here’ ’7p — [1’ e_jQTFApr7 e e—jQﬂ'(M—l)Apr]T c CZ\/I and

dyn= ei2mn(T+Tcp)vyp 1, ej27r§up7 el (M;Il)TVp]T cCM.

The channel matrix H? is a time-domain representation of the
DD-spread channel, which transforms the time-domain trans-
mitted signal s into the time-domain received signal r. Finally,
the time-domain AWGN: w! ~ CN(0,0%Iy) € CMY,

D. OFDM Demodulator and OTFS Receiver

The OFDM demodulator and OTFS receiver are shown in
inner and outer blocks of the receiver side in Fig. 1, respec-
tively. The received time-domain signal in (7) is processed by
the OFDM demodulator, which inverts the operations of the
OFDM modulator to recover the TF-symbol matrix

YTF = FMGrXVGC_l(I'), (10)

where G, denotes the receiver pulse-shaping filter (assumed
to be the same as G = I), and vec™!(-) converts an M N x
1 vector into an M x N matrix. The vectorized TF-domain
received signal can be written as

YTF = VeC(YTF) = GgHtGFXTF =+ GFHWf

= HrpXTF + WTF,

Y

CMNXMN s given by

where the TF-domain channel Hrp €

N-1 P

Hir 2 GEH'Gr = (ene£)®(z hprpFMAp’nFﬁ).
n=0 p=1

(12)

The transformed noise term is wrp = Gg wt o~

CN (0,021 n). For OTFS, SFFT transforms the TF-domain

vector into the DD-domain vector as

Yop = GgYTF + G¥WTF = Hppxpp + WpD, (13)
where, using (4), the DD-domain channel Hpp TS
GHHrpGr € CMNXMN g given by

N-1 p
Hpp = ) ([FN](:,n) [FN}ff,n)) ® (Z h,,Fﬁ,I‘pFMAM)
" ! (14)

and WDD £ G]IE)IDWTF ~ CN(O7O'QI]WN).

III. SYMBOL- AND INTERFERENCE-SPREADING (SS & IS)

Let the transmitted data symbols be denoted by x € CM¥,
which are mapped to the TF domain in OFDM (xTp = X)
and to the DD domain in OTFS (xpp = x). From (11), the
noise-free TF-domain received signals for OFDM and OTFS
can be respectively written as

yr = Hrrx and y1 = HrrGrx. (15)

Thus, in OFDM, each symbol in x interacts only with its cor-
responding column of Hrp, i.e., the ¢th symbol is influenced
solely by the ith column of Hyp fori € {0,...,MN —1}.In
contrast, for OTFS, due to the presence of G, each symbol
interacts with all columns of Hrp, implying that the ith
symbol interacts with the entire TF channel. These differences
motivate the notions of SS and IS across the TF domain.

To quantify the SS and IS caused by a single symbol, we
consider a unit excitation at the igth symbol position, i.e.,
x = e;,, where e;, is the ipth canonical basis vector in
CMN_ For OFDM, this corresponds to the (ng,mq)th TF
bin, where mo = mod (ig, M), ng = (iop — mg)/M. For
OTFS, it corresponds to the (ko,lp)th DD bin, where l; =
mod (ig, M), ko = (ip — lp)/M. Then, yr and yr become

yr = diag(Hrr) © e;, + (Hrre;, — diag(Hrr) © €;,),
(16)

yt = diag(Htr) © [Gre;,]

+ (HrrGre;, — diag(Hrr) © [Gre;,]) . )

Note that yr and y are in the TF-domain. In each expression,
we interpret the first term as the SS of the ¢yth symbol
across the TF domain, and the second term as the IS caused
by that symbol on all TF bins other than the (ng,mg)th
bin. This is because, in OFDM, the transmitter intends to
place the igth symbol in the corresponding TF bin, but the
doubly-dispersive channel leaks its energy into other bins,
creating interference with symbols placed on all other bins. In
OTFS, the precoder G deliberately spreads the igth symbol
across the TF bins, and the channel then introduces additional
unintended spreading captured by the second term, which
causes interference in all TF bins. In the sequel, we will
show that these distinct SS and IS characteristics ultimately
determine their performance.

A. Effects of SS Structure

From (16) and (17), we define the SS power matrices PS¢
CMXN for OFDM and OTFS as

2
Pg = HHTF](Z'UJO)| emoez;w (18)



PS = vee! (|diag(HTF) © [GTeiO]\'2> . (19

where e,,, and e,, denote the moth and noth canonical basis
vectors in dimensions M and N, and (-)** indicates element-
wise squaring. Hence, the SS powers of both waveforms
depend on the delay-Doppler characteristics of Hrg in (12).
The following theorem elucidates the structure of P& and P3.

Theorem 1. In DD-spread channels, the SS power matrices
for OFDM and OTFS are given by

P
2
Pg = ‘Z hP[Vp]mo(lgldpyno)/M‘ emoez;oa (20)

p=1

2
; 21

where dp,,, is as defined after (9) and &p =
%[1%1(11,,0, ey 1£Idp’N,1]T (S (CN.

Proof. From (12), we have

[Hr](i9.i0) =€/, Hrrei, = (en, @ €m,)  Hrr(€n, ® €m,)

P P T
hp[Yplmo (13 dp ng)
=Y hpel, TyFy A, Fhien, =y ——L °MM pnol

p=1 p=1
Substituting the above into (18), we obtain the OFDM SS
power as (20). Similarly, from (12), with some algebra, the
diagonal of Hry is expressed as diag(Hrg) = Zf;l hp(d,®
¥,)- From (4), |Gre;,|= %1]”1\;. Substituting these
into (19), we obtain OTFS SS power as (21). |

Equations (20) and (21) reveal how each waveform utilizes
the TF-domain resources. In OFDM, from (20), we see that the
ipth transmitted symbol remains localized on the (ng,m)th
TF bin of the received signal. In contrast, from (21), the ¢gth
symbol is spread across the entire TF domain in OTFS: it ex-
periences different channel gains across frequency depending
on the delay-effect values -y, and across time depending on
the Doppler-effect values &p. Also, while the SS in OFDM
depends only on the mgth entry of «,, and noth entry of d,,
the SS in OTFS depends on the entire vectors <y, and El,,. In
general, a waveform that achieves greater SS diversity offers
improved robustness to fading. In the subsequent sections, we
examine in detail how OTFS leverages the delay and Doppler
components of the multipath channel to achieve frequency and
time diversity, respectively, through its SS structure.

1) Frequency diversity of OTFS: The SS matrix P% cap-
tures the spreading of the igth transmitted symbol in OTFS
across the M x N TF-bins. In particular, the n*th column of
P% shows the frequency-domain spreading within the n*th
time block. From (21),

‘.2

1
= ——T'h 22
o |Tha[7, @2)

P
1 ~ 2
[Pg‘](:77l*) = MN‘ § :hppyp[dp]n*
p=1

where hy = [hl[al]n*, e [hp[ap]n*]T € CP. The matrix
T = [vy,...,7p] € CM*F contains the delay-components
of the multipath channel, so that each row in I' represents

a spectral projection of hq. As we move across different
entries of [P%](;)n*), the variations arise solely from different
rows of I'. Consequently, the effective frequency diversity
is governed by the number of independent spectral projec-
tions, given by rank(T'), which is at most P (assuming
P < M). Moreover, delay components are resolvable when
they are separated by at least 1/(MAf) = 1/B, since
|’Y(11{7p|0< |sinc(MAf(rq — 7))~ 0 for |7y — 7> 1/B,
Vp,q € [P] and p # q. If two delay components are not
resolvable, they induce highly correlated channel effects in
purely delay-spread channels (v, = 0,Vp). As 7, € [0, Tmax),
the maximum number of resolvable delay components over
bandwidth B = M Af is approximately |7,.xB] + 1. There-
fore, the number of effective independent spectral projections
is Direq = min(P, [ TmaxB| + 1).

Now, in purely delay-spread channels, as 7,y increases
from zero, the number of resolvable delay components in-
creases (since they are drawn from U[0, Tyax].) In turn, the
achievable frequency diversity increases. Since the maximum
number of independent components is fundamentally limited
by P, the diversity order saturates once this limit is reached.
Thus, to achieve the maximum frequency diversity, it is
necessary that the number of channel paths must satisfy
P < |TmaxB]| + 1, which implies Tyax > (P —1)/B.

2) Time diversity of OTFS: The m*th row of P% shows
the time-domain spreading of the transmitted symbol within
the m*th subcarrier. From (21),

2

)

"2 b ’hTf)
T MNITY

P
1 ~
[PE)(me ) = W\thplm*d;f
p=1

(23)
where hy = [hi[vi]m=,...,hp[yplm+]" € CF. The ma-
rix D = [dy,...,dp]T € CP*N contains the Doppler-
components of the multipath channel, with each column rep-
resenting a temporal projection of the channel. As we move
across different entries of [P%](m*,:), the variations arise solely
from different columns of D. Consequently, the effective time
diversity is governed by the number of independent temporal
projections, given by rank(D), of which there are at most
P (assuming P < N). Doppler components are resolvable
when separated by at least 1/(N (T + Tcp)), since |[d} d|oc
sinc(N(T+Tcp)(vq—vp))|= 0 for |vg—vp|> 1/(N(T+Tcp))
and p # ¢. If two Doppler components are not resolvable,
their separation is < 1/N(T + Tcp), and they induce highly
correlated channel effects in purely Doppler-spread channels
(Tp = 0,Vp). As V), € [~Vmax, Vmax], the number of resolvable
Doppler components over the duration Ty = N (T + Tcp) is
approximately |2vmaxT4q] + 1. Therefore, the number of effec-
tive temporal projections i8S Dyime = min(P, |2vmaxTa] + 1).

Now, in purely Doppler-spread channels, as v, increases,
the number of resolvable Doppler components (and hence
the achievable time diversity) increases. Since the maximum
number of independent channel components is P, the time
diversity saturates once this limit is reached. Thus, to achieve
the maximum time diversity, the condition | 2vyaxTq | +1 > P
must hold, which yields vmax > (P —1)/(2Ty).



B. Effects of IS Structure

From (16) and (17), we define the IS power matrices P! €
CM*N for OFDM and OTFS as

PL — vec! (|HTFeiO ~ diag(Hrr) O e |'2) .4

PrIF =vec! (|HTFGTeiO — diag(HTF)Q[GTeZ—OH'z)
(25)
The following theorem elucidates the structure of PL and PZ.

Theorem 2. In DD-spread channels, the IS power for OFDM

and OTFS is given by
P

(FM (deO [FJW](mO ))))

2

PL =

th((’rp ®

1
- Mhp]m(lﬂdp,no)emo) € (26)
P
1 ~ ~\T 2
Ph = 7 2 o (s = o) [ @
p=1
where dp o = [[dp.0lmes - - > [dp N —1]mo]” € CV.

Proof. From (12), we can write

Hrre;, = Hrr(e,n, ® en,)
P
=Y en, @ (7, © (Far (dyng © Fuilfl,, ) - 28)
p=1

From (4), Gre;, = [FN}(  ®[Far](:my)- Substituting these
into (24) and (25) yields (26) and (27), respectively. |

From (26), we see that IS caused by the ipth symbol in
OFDM appears only along the frequency axis within the ngth
time block, whereas (27) shows that in OTFS the IS! spreads
over the entire TF-domain. The concentrated IS in OFDM
can be less detrimental than the widely spread IS in OTFS;
this effect is examined in Sec. V. Note that, in DD-spread
channels (Tnax > 0, Vmax > 0), increasing Tmax OF Vmax does
not alter the IS structure (concentrated/fully spread) in OFDM
and OTFS. So far, we have elucidated the SS and IS structures
and their impact on the performance. We now investigate how
the power levels of SS and IS influence the performance.

C. Impact of SS and IS Power Levels

We examine the effect of SS-IS power level in two ways:
1) how they determine the relative performance of OFDM and
OTFES, i.e., whether the two waveforms exhibit different SS or
IS power levels, and, 2) how they govern the performance of
a given waveform across different channel conditions (charac-
terized by Tynax and Vipax)-

In OFDM, the igth symbol is placed in the TF domain, and P,
represents the resulting ICI/ISI on other TF bins. In OTFS, the symbol
is placed in the DD domain, and P% captures its induced TF-domain
interference, which does not correspond directly to conventional ICI/ISI.

1) Relative performance of OFDM and OTFS: The SS
expressions in (20), (21) and IS expressions in (26), (27)
correspond to a unit excitation at the igth symbol. While
these expressions may appear to indicate different SS and
IS power levels for OFDM and OTEFS, the total SS (and
IS) power summed over all TF bins (n,m) and all sym-
bol excitations (ng,mg) is the same for both waveforms,

MN—1/ 1. 2 MN-1

e, i ldiag(Hrr) © eif[*= 3 [|diag(Hrr) ©
[Gre ]2 and 3300 [Hrre; — dlag(HTF © ei*=
SN HrrGre; — diag(Hrr) © [Gre;]||2. This follows
from the unitary nature of the OTFS precoding matrix Gr.
This follows from the unitary nature of the OTFS precoding
matrix G. Thus, OFDM and OTFS exhibit similar SS and
IS power levels, and hence the SIR.

2) Effect of Tmax and vimax: To examine the effect of Tpy,ax
and vpax on SS and IS power levels, we compute the expected
SS and IS powers with respect to the channel gain vector h,

assuming h,, 1d "CN(0,1/P).

a) Increasmg Tmax: The matrices E,[P3], En[PL], En[P5],
and En[PZ%], contain multiplicative terms involving |v,|,
where «y, solely depends on the delay parameters. Since
|*yp\: 1, irrespective of Tyax, variations in 7y do not
influence the expected SS and IS power levels.

b) Increasing vpax: For OFDM, we can write

) P

/Py

A 1 sin?(7Tv,) . .
where f,(v,) = I ST, ) e function f,(v,) is
periodic with period M /T, achieves its maximum at v, = 0,
and decreases monotonically with |v,| within the main-lobe
region |v,|< 1/T. Since the practical OFDM/OTFS system
satisfy vpax < % [7], increasing vp.x reduces the expected
SS power. Similarly, in OTFS, each entry of |ap| decreases
with increasing |v,|, leading to a reduction in Ey,[P3]. For
OFDM, the expected IS power is given by

1
= p2 2|

Eh [Pg] = fV(Vp)emerO, (29)

!

F (dp,m] [Falih,, ))
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- —@1%d,)| el . 30

ng?
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whose (n, m)th entry can be written as 211;1 Jo (e —
Up)Lintmg,n=no- Letting w = m — myg, this function is
periodic in v, with its main lobe centered at v, = u/T.
Since |vp|< 1/T, only the neighboring subcarriers v = %1
overlap with the main lobe region. In this overlap region,
the interference power increases monotonically with |v,|. For
OTFS, since |dp mo|= 1n, the IS behavior is dominated by
|d,|. As |v,| increases, entries in |dp| decrease, resulting in
increased interference power. Thus, increasing v,,x reduces
the SIR for both waveforms, which can impact performance.
In summary, the effects of SS and IS characteristics that
determine waveform performance are as follows: i) OFDM
does not provide diversity through SS, whereas OTFS enables
two forms of diversity: (a) frequency diversity, which increases
with Tyhax, and (b) time diversity, which increases with vy .
The necessary conditions for achieving the maximum fre-




quency and time diversities are: Tmax > (P — 1)/B and
Umax > (P — 1)/(2T4), respectively. ii) The IS structure
in OFDM is concentrated along the frequency axis within a
time block, while in OTFS, the interference spreads across the
entire TF-domain. iii) OFDM and OTFS exhibit identical total
SS and IS power levels, hence, the same SIR. However, for
both waveforms, Ti,.x does not affect the SS/IS power levels,
whereas increasing vpax reduces the SS power and increases
the IS power, thereby reducing the SIR.

How these effects translate into actual performance depends
on the equalizer employed and its sensitivity to these effects,
and is discussed in Sec. V.

Thus far, we have focused on the SS and IS characteristics of
OFDM and OTFS in DD-spread channels. We now extend the
analysis to other channel conditions and present TF-domain
visualizations of SS and IS in the next section

IV. SS-IS IN DIFFERENT CHANNEL CONDITIONS

We consider four channel conditions based on 7y,,, and
Vmax: flat-fading (Tmax = 0, vmax = 0), purely delay-spread
(Tmax > 0,vmax = 0), purely Doppler-spread (Typax =
0, max > 0), and DD-spread channels (7ynax > 0, Vpax > 0).
We derive explicit expressions for SS and IS in these chan-
nels and analyze the intrinsic characteristics that determine a
waveform’s performance across different channel conditions.

A. Flat-Fading Channels

This channel can be modeled by a single path (P = 1) with
71 =v1 = 0. From (9), v, = d;, = 1y, Vn, yielding

Py =|hil’ empel , Ph=0nxn. 31
1
P3 = 7w hi? 1w, Ph=0umwn. (32

Thus, both OFDM and OTFS exhibit no interference. In OTES,
the symbol energy is uniformly spread over the entire TF
domain with identical gain, but it yields no diversity.

B. Purely Delay-Spread Channels
Here, v, = 0,d,,, = 17, Vp, n. The SS-IS powers become

P
2
PE = |3 holvhno| emoehy, PE=Ouan  (33)
p=1
1 & 2
S _ T I _
o MN‘; hyv,| 1%, PL=0un. (34)

OTFS exhibits frequency diversity via gain variation along the
frequency axis, which increases with 7, Up to nearly 7, =
(P—1)/B and then saturates (see Sec. III-A1). No interference
arises in OFDM/OTFS since Tiax < Tcp, and the TF-domain

channel becomes diagonal. Moreover, Ty,.x has no impact on
the SIR for both waveforms.

C. Purely Doppler-Spread Channels
In this case, 7, = 0,7, = 1, Vp. The SS-IS powers are

P
2
Pg = ‘Z hp(l?\ﬂ/fdpﬂlo)/M emoezov (35)
p=1
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(a) Purely delay-spread channels (b) DD-spread channels

Fig. 2: TF-domain SS of OTFS. It provides frequency diversity in delay-
spread channels, and time-and-frequency diversity in DD-spread channels.
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Time index (n) Time index (n)

(a) OFDM in purely Doppler/DD  (b) OTFS in DD-spread channels

Fig. 3: TF-domain IS. For OFDM, IS is concentrated along the frequency
axis within a time block, while for OTFS, IS is fully spread.
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OTFS’s SS offers time diversity that increases with vy, up
to nearly (P —1)/(2T4) and then saturates (see Sec. III-A2).
In OFDM, the interference from the ipth symbol remains con-
fined to the frequency axis within the same (ngth) time block,
whereas in OTFS it spreads over the entire TF domain. Further,
the SIR degrades as vy, increases for both waveforms.

D. DD-Spread Channels

OTFS simultaneously exploits frequency and time diversity
(see Sec. III-A): increasing T,,,x enhances frequency diversity
up to nearly 7.y = (P — 1)/B, while increasing vpax
enhances time diversity up to nearly vpmax = (P — 1)/(2Tq).
Similar to purely Doppler-spread channels, in OFDM, IS
remains confined to the frequency axis, whereas OTFS exhibits
fully spread TF-domain interference. For both waveforms, the
SIR is unaffected by Thax but degrades as vy« increases. To
visualize the SS and IS of OFDM and OTFS, Figs. 2 and 3
present heatmaps of the TF-domain energy for a single symbol
at index 7o = 12 for a system with M = 5 and N = 5, which
corresponds to the (2,2)th TF bin for OFDM and (2,2)th
DD bin for OTFS. These plots are obtained for one randomly
chosen instance of the channel with P = 4 paths, Ty .x =
2.51 pus, and vp,x = 1.85 kHz. Deep blue indicates low
(effectively zero) power, while yellow indicates high power.
Fig. 2a illustrates OTFS’s SS under purely delay-spread chan-
nels, exhibiting row-wise gain variations (frequency diversity);
under purely Doppler-spread channels, the pattern rotates by
90°, yielding column-wise variations (time diversity). Fig. 2b



shows OTFS’s SS under DD-spread channels, where both
time and frequency diversities are present. For OFDM, purely
Doppler and DD-spread channels cause interference leakage
along the frequency axis within the 2nd time block, as shown
in Fig. 3a, while Fig. 3b depicts the IS patterns for OTFS.

E. Duality Between Delay Spread and Doppler Spread

From Sec. IV-B and Sec. IV-C, we observe that delay
and Doppler spreads affect the SS and IS structures dif-
ferently. Delay spread provides frequency diversity without
introducing interference and therefore does not degrade the
SIR. In contrast, Doppler spread provides time diversity but
also introduces interference, degrading SIR as the Doppler
spread increases. This asymmetry prevents a direct duality
between delay spread and Doppler spread under the considered
system model. However, consider an alternative system model
in which a DFT is applied along the time axis in the TF domain
to obtain the frequency-domain signal vector s, followed by
CP insertion for each frequency block with the CP duration
Afcp > 2Upmax. Under a purely Doppler-spread channel,
the resulting TF-domain channel matrix becomes diagonal
and interference-free. Consequently, the corresponding SS
and IS power structures become analogous to those of a
purely delay-spread channel. Therefore, the behavior of the
considered system model in a purely delay-spread channel can
be reproduced by this alternative system model in a purely
Doppler-spread channel. In this sense, a purely delay-spread
channel under the considered system model may be regarded
as the dual of a purely Doppler-spread channel under the
alternative system model. However, throughout this paper, we
adopt the conventional system model of Sec. II, where an IDFT
is applied along the frequency axis to obtain the time-domain
signal vector s, followed by CP insertion for each time block.

So far, we have analyzed the SS and IS of OFDM and
OTFS across different channel conditions. In the next section,
we examine how these effects, along with the choice of the
equalizer, determine the data detection performance.

V. IMPACT OF SS AND IS ON EQUALIZER PERFORMANCE

Recall the characteristics of SS-IS discussed in Sec. III:
the SS structure determines the available TF diversity; the
IS structure may be concentrated or fully spread over the
TF domain; and the associated power levels determine the
SIR. The behavior of an equalizer in the presence of these
effects can be summarized as follows: i) Equalizers benefit
from TF diversity induced by the SS structure, and waveforms
that offer richer TF diversity generally enable improved data
detection performance. ii) Interference-agnostic equalizers are
strongly affected by the SIR, whereas interference-suppressing
or interference-cancelling equalizers are less sensitive to SIR
variations. iii) Equalizers perform more effectively when the
interference exhibits favorable (e.g., concentrated) structures.
Based on these observations, we classify equalizers into two
broad categories: 1) interference-agnostic equalizers, repre-
sented by the 1-tap equalizer, and 2) interference-suppressing
equalizers, represented by the FC-MMSE equalizer and the
VB-LLR equalizer (discussed in Sec. VI-C). Most practical

equalizers can be broadly mapped to one of these two cate-
gories and exhibit similar performance.

The received TF-domain signal, yr, which we denote by
yr for OFDM and yt for OTFS, is equalized to yield Xp.2
From X, the symbol estimates are recovered as follows: (i)
for OFDM, XtF is directly sliced to obtain X; (ii) for OTFS,
X is first transformed to the DD domain and then sliced to
obtain X. The equalization techniques and their performance
trends in uncoded communications are discussed below.

A. 1-tap equalizer

This low-complexity (O(MN)) equalizer uses only the
diagonal elements of Hrr and performs symbol-wise de-
tection. Let H%?g £ diag (dlag (Hrr)) and Aj_gnp =

(H%lf;g’ HEE + 02Lyn) ™ 1Hdlabg The equalization is:

XTF = A1_tapYTF- (39)

We derive the post-processing SINR to establish the relation-
ship between the SS/IS structures and the BER. In OFDM, the
equalized data symbol is X = XrF:

X = A ap(HI2Ex + HIB8x 4 worp), (40)

where H%dFlag = Hrp — HJ2. The signal component in (40),
i.e., HJ2x, is equivalent to a parallel TE-bin input-output
relation. From (16), the SS and IS power vectors for the ith
symbol are: Pgg; = |HdT’§gei|'27 and Prg; = |H%%’agei|'2.
Thus, from (40), we can derive the ¢th symbol’s SINR as
MN 1

SINR, = P{2, / ( .

where Ps(é),i is the ¢th entry in Pgg;. Assuming BPSK, the
error probability of the ith symbol is P, ; = Q(+/2SINR;).
In OTFS, the equalized data symbol is X = GHXrp:

X= G A1 tap (Hd aLgG}T‘X + HndldgGTX + WTF).

P40, @D

(42)

Thus, for the ith entry of X, i.e_., Z;, the corresponding signal
component is given by GZHJ22Gre; € CMN. We express
the associated SS and IS power vectors in the DD domain for
the ith symbol as Pgs; = \GHHdlagGTeA and Prg; =
|GH H“dlagGTeZ|‘2. Further, the (correct) detection of z;
depends on observations on all M N TF bins (due to Hd’agGT
term), which are generally correlated since multiple TF bins
may experience correlated fading arising from the limited
number of propagation paths. Consequently, the number of
independent observations available is significantly smaller than
MN, making analysis of the effective SINR and BER in
DD-spread channels generally intractable. Hence, we present
a heuristic analysis below. From Sec. III-A and Sec. III-B,
for purely delay- and Doppler-spread channels, the maximum
number of independent spectral (effective frequency diversity)
and temporal (effective time diversity) components are given
by Dpeq and Dyime, respectively. For a general DD-spread
channel, we define Dss = max(Dfreq, Diime) as the effective

Note that linear equalization can be equivalently carried out in the TF
domain or DD domain. In this work, we present the equalization in the
TF domain for both OFDM and OTFS. However, symbol slicing and data
detection must be performed in the domain where the symbols are mounted.



diversity measure, treating frequency- and time-domain diver-
sity as alternative branches. Let Dsls) denote the correspond-
ing effectlve TF components for the ith symbol. For each
k € DY, we define SINR;x = Pi&,/(2,,, P& +0?).
If we assume that the effective resolvable TF components
in Dgg correspond to Dgg independently faded observa-
tions corresponding to the ith symbol, for BPSK, we have

P, =~ erD“) Q(4/2SINR; ;). Defining an equivalent
SS

S.INRi such that @ (v/2SINR;) = [yen Q( 2SH\;Ri,k),

gives SINR; = (1/2)[Q~ (erD( ) Q(1/2SINR; x))]*. Em-

ploying the high-SINR approx1mat10n of the @Q-function, the
equivalent SINR simplifies to SINR; Zk D) SINR,; .

Accordingly, the equivalent SINR for the ith symf)ol is

MN-1
S pem P (0 ). )
which shows that, in the high-SNR regime, having multiple
statistically independent paths can improve the slope of the
BER vs. SNR curve.

From the above BER and SINR expressions for OFDM and
OTEFS, it follows that, for uncoded communications with a
1-tap equalizer, the performance (i) improves with increas-
ing TF diversity (which OFDM cannot exploit), and (ii)
degrades as the IS power increases (or equivalently, the SIR
decreases), highlighting the interference-agnostic nature of the
1-tap equalizer. Based on these effects, we discuss the behavior
of OFDM and OTFS under different channel conditions with
the 1-tap equalizer and uncoded transmissions below, where
=~ denotes comparable performance.

1) Relative Performance between Waveforms: The relative
performance depends solely on TF diversity (since both have
the same SIR, see Sec. III-C). The behavior is as follows:

¢ Flat-fading channels: OFDM ~ OTFS.

* Purely delay-spread channels: OFDM < OTFS.

* Purely Doppler-spread channels: OFDM < OTFS.

¢ DD-spread channels: OFDM < OTFS.

2) Relative Performance across Channel Conditions: Con-
sidering the combined effects of TF diversity and SIR:

e OFDM: No TF diversity in any channel condition; its
performance is governed by SIR, yielding DD-spread ~ purely
Doppler-spread < purely delay-spread ~ flat-fading. The IS
degrades the SIR in purely Doppler-spread channels, leading
to poorer performance than in purely delay-spread channels.

* OTFS: In the low-to-moderate SNR regime (practically,
< 15 dB), the diversity gain dominates over the effect
of interference power (equivalently, SIR degradation). The
performance ordering becomes flat-fading < purely Doppler-
spread/purely delay-spread < DD-spread, since flat-fading
channels provide no diversity, purely Doppler-spread channels
provide time diversity, purely delay-spread channels provide
frequency diversity, and DD-spread channels provide both time
and frequency diversity. Between purely Doppler-spread and
purely delay-spread channels, the former additionally suffers
from interference, whereas the latter does not. Hence, the
performance in purely Doppler-spread channels is worse than
in purely delay-spread channels. In the high-SNR regime,
however, the effect of interference dominates over that of

SINR; =

additive noise. Hence, the BER is primarily governed by the
interference power. As a result, purely Doppler-spread/DD-
spread < flat-fading/purely delay-spread. Within these groups,
the diversity gain determines the relative ordering: purely
Doppler-spread < DD-spread because DD-spread channels
additionally provide frequency diversity compared to purely
Doppler-spread channels, and flat-fading < purely delay-
spread again because purely delay-spread channels addi-
tionally provide frequency diversity compared to flat-fading
channels. In summary, the ordering is (i) Low/moderate-
SNR regime: flat-fading < purely Doppler-spread < purely
delay-spread < DD-spread, (ii) High SNR regime: purely
Doppler-spread < DD-spread < flat-fading < purely delay-
spread. Thus, crossover occurs between flat-fading and purely
Doppler-spread channels, and between purely delay-spread
and DD-spread channels.

3) Effect of Increasing Tymax: From Sec. 111, increasing Tiax
enhances the frequency diversity of OTFS until 7y, reaches
at least (P — 1)/B, while having no impact on SIR.

¢ OFDM: Performance remains unchanged with 7y ..

e OTFS: Performance improves with increasing Tmax Up
to nearly 7nax = (P — 1)/B, beyond which it approaches
saturation as the maximum frequency diversity is reached.

4) Increasing Vmax: Increasing vp.yx increases the time
diversity of OTFS up to nearly vmax = (P —1)/(274), while
the SIR monotonically degrades with SIR for both waveforms.
This creates a diversity—SIR tradeoff for OTFS.

* OFDM: Performance degrades monotonically with v, ,x.

e OTFS: Performance initially improves due to time di-
versity and then drops because SIR deterioration dominates.
Although the time diversity saturates at nearly vy = (P —
1)/2Ty, performance may start worsening earlier due to the
monotonic SIR degradation.

B. Full-complexity MMSE (FC-MMSE) equalizer
The FC-MMSE equalizer exploits the full channel matrix:

N 1
xrr = (HYeHrp + 0°Iyy) Hipyre. (44)

Its computational complexity is O(M2N?3), significantly
higher than the 1-tap equalizer. Unlike the 1-tap equalizer,
FC-MMSE suppresses interference through matrix inversion.
Therefore, its performance mainly depends on the higher TF
diversity, which improves performance. It is largely insen-
sitive to SIR. The presence of IS leads to a non-diagonal
channel matrix (Hpg), but the FC-MMSE equalizer can
coherently combine multiple Doppler-shifted components of
each symbol through the term HZ Hrp. Consequently, the
post-equalization SINR derived from (44) contains additional
signal-power terms contributed by the off-diagonal channel
entries, leading to an increase in the effective SINR. We refer
to this as the equalizer gain. Although this effect is relatively
weak compared to diversity gain induced by the SS structure, it
nevertheless provides an additional performance improvement
and is empirically illustrated in Sec. VII-A.

1) Relative Performance across Waveforms: Based on the
TF diversity, the relative performance is:

¢ Flat-fading channels: OFDM ~ OTFS



* Purely delay-spread channels: OFDM < OTFS.

* Purely Doppler-spread channels: OFDM < OTEFS.

* DD-spread channels: OFDM < OTFS.

2) Relative Performance across Channels:
both TF diversity and equalizer gain:

* OFDM: Equalizer gain governs performance: Flat-fading
~ purely delay-spread < purely Doppler-spread ~ DD-spread.

* OTFS: Flat-fading < purely delay-spread < purely
Doppler-spread < DD-spread.

3) Increasing Tmax: From Sec. III, increasing Ty,.x en-
hances the frequency diversity of OTES up to nearly T,.x =
(P — 1)/B, while having no impact on equalizer gain.

* OFDM: Performance is unchanged with increasing 7Ty, ax.

e OTFS: Performance improves with 7,,x up to nearly
Tmax = (P — 1)/B, beyond which it approaches saturation.

4) Increasing Vmax: Increasing vp,x enhances the time
diversity of OTFS up to nearly vy = (P —1)/(2T4) and
gradually increases the equalizer gain for both waveforms.

* OFDM: Performance improves slowly with increasing
Vmax due to equalizer gain.

* OTFS: Performance improves monotonically with vy, ,x up
to nearly Vmax = (P—1)/(2T4) and then improves marginally
(equalizer gain), appearing nearly saturated. Since FC-MMSE
is insensitive to SIR, the diversity—SIR tradeoff observed with
the 1-tap equalizer does not arise in this case.

Note that, in the above uncoded scenarios, the relative
performance of OFDM and OTFS under different channel
conditions is governed solely by TF diversity: OTFS inherently
exploits TF diversity, whereas OFDM does not. Consequently,
although OFDM exhibits a more concentrated IS structure (see
Sec. III-B) than OTFS, it does not translate into any gains in
uncoded transmissions. The IS-structure-advantage of OFDM
becomes pronounced only when OFDM attains TF diversity
comparable to OTFS, e.g., via channel coding. Then, the IS
structure governs performance, allowing OFDM to potentially
outperform OTFS. In the next section, we examine the origin
of TF diversity in uncoded OTFS, and then investigate how a
similar TF diversity can be achieved with OFDM.

Considering

VI. SPREADING WITH CODED COMMUNICATIONS
A. Source of TF diversity in OTFS

Focusing on DD-spread channels, the main reason for the
performance advantage of OTFS over OFDM lies in the SS-
induced TF diversity introduced by the ISFFT-based prepro-
cessing. The TF-domain channel Hrr exhibits different gains
across TF bins (determined by «,, and d). In OFDM, each
symbol occupies a single TF bin and therefore experiences
only the corresponding channel gain. In contrast, the ISFFT
in (2) spreads each DD-domain symbol across all TF bins,
allowing it to experience all TF-domain channel gains and
thereby achieve TF diversity. To better understand the role of
this spreading, we consider a weighted ISFFT that restricts
TF-domain spreading and study how this impacts TF-domain
diversity. Specifically, we define a weighted ISFFT operation:

N—-1M-1

X[n,m] = wr (k, n)xlk, lJw, (I, m)
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Time index (n) Time index (n)

Time index (n)

(a) OTFS for a = 0.4 (b) OTFS for o = 1 (¢c) OFDM

Fig. 4: TF-domain SS of OTFS for different o and OFDM. As « transitions
from O to 1, the SS of OTFS becomes similar to that of OFDM.

x 27N — %),
where the delay-domain and Doppler-domain weights are
given by w, (k,m) = e=**+=™" and w, (I,n) = e-o(="?
respectively, and « controls how much spreading occurs. The
above weighted ISFFT serves as a structural analysis tool to
isolate the role of spreading in governing SS and IS behavior:
when a = 0, the weighted ISFFT reduces to the conventional
ISFFT, yielding fully spread OTFS symbols (see Fig. 2b.)
As « increases, TF-domain spreading progressively reduces.
For the 5 x 5 OTFS system considered here for illustration,
TF diversity largely vanishes around o = 1, at which point
the SS behavior becomes comparable to that of OFDM. This
effect is illustrated in Fig. 4. Thus, OTFS and OFDM can be
viewed as operating points on a broader spreading-localization
continuum. As spreading increases, TF diversity improves
through the SS structure, while interference becomes more
widely distributed through the IS structure. This is also why
OTFS benefits from interference-aware qualizers.

In uncoded transmissions, this ISFFT-induced TF diversity
is unavailable in OFDM. This motivates the use of channel
coding to induce TF-domain spreading in OFDM, since coding
couples symbols mounted on different TF bins. In the next
subsection, we analyze LDPC-coded OFDM and OTFS and
study the resulting TF diversity in both waveforms. In this
work, we consider the LDPC code due to its widespread use
in modern standards, but the insights readily extend to other
coding schemes also.

B. Spreading in LDPC-Coded Systems

We consider an LDPC-coded communication system with
the same system parameters M, N, A f, and Ty as described in
Sec. II, for both OFDM and OTFS. At the transmitter, the data
bits u € {0, 1}/ are encoded using an LDPC code of rate R =
I/I'. The resulting coded bits u’ € {0,1}"" are mapped to a
Q—QAM constellation, yielding x € CM¥Y, where MN =
I'/log4(Q). The symbols are arranged in an M x N 2D grid
and mapped onto the TF domain (for OFDM) or DD domain
(for OTFES). The corresponding received signal vector is used
to compute the LLRs of the coded bits u’, which are then fed
to the LDPC decoder to obtain the estimated data bits u.

The LDPC code can be defined by a generator matrix
Grppc € {0,1}%!, from which the encoded bits are ob-
tained as u' = G ppcu mod 2. To analyze the SS in coded
communication, we set 7gth bit of u to 1 and all others to zero,
then the encoded bits become Gi,ppce;,. The corresponding
symbol vector becomes X;, = fmod(GLDPCE;,) after con-
stellation mapping, where fi,oq(-) denotes bits to @Q—QAM
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Fig. 5: TF-domain SS for OFDM with coded communication. As the code
rate reduces, there is more symbol spreading, leading to higher TF-diversity.

symbol mapping and let AX;;, = fimod(GLDPC€:,) — fmod (0).
Then, for OFDM and OTFS, the SS is given by

P2 = vec™!(|diag(Hrr) © Axy, |?),
P35 = vec ! (|diag(Hrr) © [GrAX;,][?).

(45)
(46)

In OTFS, the ISFFT preprocessing Gt already induces full
TF-domain spreading even in uncoded transmission. There-
fore, we focus on OFDM to understand how channel cod-
ing enables TF-domain spreading and diversity. From (45),
OFDM’s SS is now governed by the LDPC structure Grppc,
unlike the uncoded case, where the symbol energy is confined
to a single TF bin. Fig. 5 illustrates the TF-domain SS of 5 x5
OFDM for two LDPC code rates, evaluated at symbol index
io = |I/2], in DD-spread channels. As the code rate decreases
from 16/25 to 6/25, the spreading becomes more pronounced,
leading to increased TF diversity. This demonstrates that chan-
nel coding enables OFDM to extract TF diversity, with lower
code rates providing stronger spreading and hence higher
diversity. For OTFS, since full TF diversity is already present
without coding, the additional gain from coding primarily
arises from coding gain (also available to OFDM), determined
by the Euclidean distance between codewords [9], [21]. As
a result, at sufficiently low code rates, OFDM can achieve
performance comparable to OTFS.

In Sec. V, we analyzed the 1-tap and FC-MMSE equalizers
for uncoded systems. In coded systems, their soft outputs can
be fed to the LDPC decoder to identify the code rates at which
OFDM approaches OTFS. However, both equalizers require
very low code rates, as they are not designed for reliable LLR
generation. This motivates advanced soft-detection algorithms
that produce reliable LLRs for LDPC decoding.

C. Variational Bayesian-Based LLR Generation

We now present a novel low-complexity variational
Bayesian-based LLR (VB-LLR) algorithm for computing re-
liable LLRs to be input to the LDPC decoder. The idea is
to approximate the marginal posterior distribution of data
symbols x, and use it to compute the LLRs. Let H = Hp,
y = yrr for OFDM and H = Hpp, y = ypp for OTFS. We
assume that the prior on the data symbols is i.i.d. and uniform
over the Q—QAM constellation, i.e., P,,(z) = 1/Q,Vz € Q.
The VB technique iteratively updates the marginals {q;(z;)}.
At the (7 + 1)th iteration, the update for ¢;(x;) is obtained by

lnqz(j+1)(z) x {Inp(y/H, x) + In P“(Z»{q,(f)(xk)}k#i

1 . .
o ——5lly = Hiz = Mz P2 £70 (), @)
d

TABLE II: Complexity comparison of considered equalizers

Receiver Computational Complexity
1-tap Equalizer O(MN)
FC-MMSE O((MN)?)
MP Detector O(IypMN(MN + N;+Q))
VB-LLR (Proposed) O(Iyg M?N?)
where (z)0) = Y__02¢7(:) and (x)0) =
(z0)D), ... (zpyn_1)D)T € CMN. The -expression

in (47) leads to the normalized update qgj +1)(z) =

efz'(]Jrl)(Z)/ZZ,EQ /"), The above iterative procedure
follows the minorization-maximization (MM) principle and
converges to a stationary point of the evidence lower bound
from any initialization [26]. Upon convergence, the LLRs
of the coded bits u’ associated with the symbols in x
are computed from the marginals. For each bit position
b € {0,...,logy @ — 1} of symbol z;, the LLR is given
by Aip = In(}X.cz,_, 6i(2)/3 cz,_, 4(2)), where Zy—
is the subset of constellation points from @Q whose bth
bit is k, where k& € {0,1}. Since VB-LLR is specifically
designed for LLR generation, it produces higher-quality
soft information than the 1-tap and FC-MMSE equalizers,
allowing similar performance to be achieved at higher code
rates, as demonstrated in Sec. VII.

Message passing (MP) [7] is an algorithm similar to VB-
LLR for soft symbol detection and LLR generation. MP
approximates the interference associated with x; as a complex
Gaussian random variable whose mean and variance are com-
puted from the current beliefs and iteratively updates symbol
marginals. If the variance of the interference is fixed to a
constant value, o2, the MP update reduces to (47), which
corresponds to the VB-LLR update. Thus, VB-LLR can be
interpreted as a simplified version of MP where only the
mean of the interference is used. The main advantages of VB-
LLR are: being based on the MM principle, it is guaranteed
to converge from any initialization; it eliminates the need
to compute interference variance and therefore incurs lower
per-iteration computational cost than MP while retaining a
structurally similar update mechanism. The required num-
ber of iterations can depend on the system parameters and
channel conditions Additionally, while VB-LLR employs a
factorized approximation of the posterior distribution, MP
does not; instead, it approximates the interference as fol-
lowing a Gaussian distribution. We present a consolidated
complexity comparison of the 1-tap, FC-MMSE, MP, and
proposed VB-LLR detectors in Table II, where N; denotes
the number of effective interference interactions induced by
the IS structure, and Iyyp and Iyg denote the numbers of
MP and VB-LLR iterations, respectively. Although VB-LLR
has lower per-iteration complexity than MP, Iyp and Iyp
may vary with the system parameters and channel conditions;
hence, the lower per-iteration complexity does not necessarily
imply lower total complexity. In our simulations, however, the
two algorithms require similar numbers of iterations, while
VB-LLR achieves the same BER performance as MP, in
the considered scenarios. As discussed in Sec. V, although



TABLE III: System parameters for OFDM and OTFS

M [N |Af T=2 1"
32 |8 | I5kHz | 66.6 us | 4 GHz

TABLE IV: Parameters for DD-spread channels

P Tmax
4 2.51 pus

Umax (Max. speed)
500 kmph

— ’Umaxf
Vmax = c c

1.85 kHz

OFDM has a more concentrated IS structure than OTEFS,
this advantage is masked in uncoded transmission by the
TF diversity of OTFS. When the code rate is sufficiently
low, coding enables OFDM to attain TF diversity comparable
to OTFS. At that point, OFDM’s concentrated IS structure
becomes beneficial, allowing the equalizer to produce higher-
quality soft information than OTFS with its fully spread IS.
Consequently, OFDM can outperform OTFS at low code rates,
as shown in Sec. VII-B.

VII. SIMULATION RESULTS

In this section, we evaluate the performance of OFDM and
OTFS across different channel conditions and equalizers, and
corroborate our theoretical insights. We consider data trans-
mission with system parameters as in Table III [27], [28]. The
channel is DD-spread, with parameters as in Table IV [27].

We generate the channel parameters as: hy, " en (0,1/P),

Tp L:Vd u(07 Tmax), and Vp ZZVd u(_ymaxa Vmax) [29] The CP

duration Tcp = Tmax, bandwidth B = 0.48 MHz, and total
time-duration Ty = 0.55 ms. The data symbols are drawn
uniformly at random from the BPSK constellation, except for
Fig. 11b, where they are drawn from a 16-QAM constellation.
We assume perfect channel-state information at the receiver
(CSIR). We have verified that the observed performance
trends remain unchanged when practical high-quality channel
estimation schemes, such as [16], are employed (see Fig. 11a).
We present results for uncoded and LDPC-coded OFDM and
OTFS transmissions.

A. Uncoded Data Detection Results

We evaluate the data detection performance of OFDM
and OTFS in uncoded communications under various channel
conditions using different equalizers and demonstrate that the
trends are consistent with the analytical insights from Sec. V.

1) Uncoded BER vs. SNR with 1-tap equalizer (Fig. 6a):
i) In flat-fading channels, OFDM = OTFS. In all other
channels, OTFS consistently outperforms OFDM due to its TF
diversity (see Sec. V-Al). Specifically, in purely delay-spread
channels, at BER = 1072, OTFS achieves 3.2 dB improvement
over OFDM. ii) Both OFDM and OTFS exhibit BER floors
in purely Doppler-spread and DD-spread channels (beyond
~ 18 dB SNR) due to the IS power level (see Sec. V-A2).
For OFDM, purely Doppler-spread and DD-spread channels
show comparable BER owing to their similar SS/IS effects.
Similarly, flat-fading and purely delay-spread channels also
yield identical BER. Moreover, the latter pair outperforms the
former by about 1.8 dB at BER = 1072, due to the absence
of IS. For OTFS, purely delay-spread channels outperform

flat-fading channels by about 3.1 dB at BER = 10~2 due to
the additional frequency diversity, with both cases exhibiting
zero IS power and monotonically decreasing BER. In contrast,
SIR degradation (due to IS power) causes purely Doppler and
DD-spread channels to exhibit BER floors at 1.2 x 102 and
4.8 x 107%. Up to an SNR of ~ 22 dB, purely Doppler-
spread channels outperform flat-fading owing to time diversity;
beyond this point, IS power dominates, leading to a crossover.
A similar crossover occurs between purely delay-spread and
DD-spread channels, at an SNR of ~ 18 dB.

2) Uncoded BER vs. SNR with FC-MMSE equalizer
(Fig. 6b): i) In flat-fading channels, OFDM and OTFS exhibit
comparable performance, whereas OTFS outperforms OFDM
in all other channel conditions due to TF diversity (see
Sec. V-Bl)-e.g., by about 3.8 dB at BER = 10~2 in DD-
spread channels. ii) Since FC-MMSE suppresses interference,
with OFDM, purely Doppler-spread ~ DD-spread channels
and purely delay-spread ~ flat-fading channels, and the former
pair outperforms the latter by approximately 2.5 dB at BER
= 1073 due to equalizer gain. For OTFS, the best performance
is seen in DD-spread channels, followed by purely Doppler-
spread, purely delay-spread, and flat-fading channels, due to
both TF diversity and equalizer gain (see Sec. V-B2). For
instance, at BER = 103, purely Doppler-spread channels out-
perform purely delay-spread channels by 1 dB (due to equal-
izer gain), while purely delay-spread channels outperform flat-
fading channels by 6.3 dB (due to frequency diversity).

3) Uncoded BER vs. SNR with the VB-LLR equalizer (Fig.
6¢): Although the VB-LLR decoder (see Sec. VI-C) is de-
signed for coded communication, it can also be applied to the
uncoded case by slicing the soft symbol outputs. The VB-LLR
acts as an interference-canceling detector and follows trends
similar to FC-MMSE. Notably, it outperforms both 1-tap and
FC-MMSE equalizers, especially in DD-spread channels, due
to its nonlinear iterative posterior computation. For example,
under DD-spread channels, with OTFS, VB-LLR provides a
2 dB gain over FC-MMSE at BER = 1073,

4) Uncoded BER vs. Tmax (Fig. 7a): We vary Tpax from
0 to 7 us, keeping other channel parameters fixed (as per
Table 1V), with Tcp = Tmax. At Tmax = 0, the channel is
a purely Doppler-spread, and the performance trends match
earlier observations. The main observations, in line with
Secs. V-A3 and V-B3, are as follows: i) OTFS outperforms
OFDM for all Tyax. It exploits time diversity at Typax = 0
and gains additional frequency diversity as Tiax increases
up to nearly Tyax = (P — 1)/B = 6.25 us, leading to
BER improvement until this point and saturation thereafter. ii)
OFDM exhibits an error floor for all equalizers (e.g., around
6 x 10~2 under FC-MMSE), since Ty,.x does not impact SIR.

5) Uncoded BER vs. Vyax (Fig. 7b): We vary vy ax from 0
to 4 kHz. At v, = 0, the channel reduces to a purely delay-
spread channel, and the performance trends are consistent
with earlier results. The key observations (see Secs. V-A4
and V-B4) are: i) OTFS outperforms OFDM for all vy ax,
exploiting frequency diversity at vy,,x = 0 and additional time
diversity as vy« increases. ii) With the 1-tap equalizer, OFDM
exhibits a monotonic BER degradation with increasing vpax
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the performance, whereas (b) and (c) TF diversity and equalizer gain govern the performance. OTFS generally outperforms OFDM, especially in DD-spread
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Fig. 7: Uncoded performance in DD-spread channels: (a) impact of Tmax at max = 1.85 kHz, SNR = 15 dB, illustrating frequency diversity; (b) impact
of Vmax at Tmax = 2.51 us, SNR = 15 dB, illustrating the time-diversity/SIR tradeoff. OTFS extracts both time and frequency diversity, yielding improved
performance with increasing Tmax and vmax under FC-MMSE and VB-LLR, whereas with a 1-tap equalizer, its performance improves with vmax up to a
point, beyond which increased interference causes degradation; (c) impact of o on OTFS with FC-MMSE, showing its transition toward OFDM as « increases.

due to SIR deterioration. In contrast, OTFS initially benefits
from inceasing time diversity, leading to BER improvement,
but after vax ~ 1.5 kHz, the BER starts to degrade as
SIR degradation dominates. iii) With interference-suppressing
equalizers (FC-MMSE, VB-LLR), OFDM shows a slow BER
improvement with v, due to equalizer gain. For OTFS,
the BER improves monotonically up to 2.7 kHz (where full
time diversity is achieved), beyond which the improvement
becomes marginal. That is, beyond 2.7 kHz, the OFDM and
OTES curves for the same equalizer become parallel, despite
an order-of-magnitude performance gap.

6) Uncoded BER vs. SNR for different o (Fig. 7c): In DD-
spread channels, o = 0 corresponds to OTFS with full TF SS.
As « increases from 0.01 to 0.04, SS progressively decreases,
reducing TF diversity and, consequently, degrading BER. For
large « (e.g., @ = 1), the SS vanishes, and OTFS exhibits
the same symbol localization as OFDM, resulting in identical
performance. This confirms that the performance advantage of
OTFS over OFDM in uncoded communications arises solely
from ISFFT-induced SS and the associated TF diversity.

B. Coded Data Detection Results

We evaluate the relative performance of OFDM and OTFS
over DD-spread channels under LDPC-coded transmissions.

We feed three different qualities of soft symbols, generated
by 1-tap, FC-MMSE, and the proposed VB-LLR equalizer,
to the LDPC decoder. We also select the LDPC code rates
R from the 5G-NR MCS table in [30] and use the common
system and channel parameters listed in Table III and IV for
all simulations. As a baseline observation, for all equalizers
and code rates, the coded BER (Fig. 8a- 8c) outperforms their
uncoded counterparts. The key observations are:

1) Coded BER vs. SNR (Fig. S8a- 8c): For each equalizer,
we consider three code rates corresponding to high, mod-
erate, and low values. i) I-tap soft symbols (Fig. 8a): At
R = 0.554, OTFS outperforms OFDM by approximately
3 dB at BER = 1072, Although channel coding enables
OFDM to benefit from TF diversity, the diversity achieved
at this rate remains lower than that offered by SS in OTFS.
At R = 0.245, the TF diversity of OFDM improves further,
resulting in performance comparable to OTFS. When the code
rate is reduced to R = 0.117, OFDM outperforms OTFS: for
example, at BER = 10—, OFDM achieves a gain of about
0.9 dB. At this low rate, both waveforms achieve similar TF
diversity, and the relative performance is primarily governed
by IS structure. The fact that the IS is concentrated along
the frequency axis in OFDM allows for better interference
cancelation (see Sec. III-B), resulting in higher quality soft
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Fig. 8: Coded BER vs. SNR in DD channels with different equalizers and code rates (Tmax = 2.51 us, vmax = 1.85 kHz), illustrating SS/IS structures.
OFDM matches OTES at R = 0.245 (1-tap/FC-MMSE) and R = 0.554 (VB-LLRs), and outperforms it at R = 0.117 and R = 0.301, respectively. Thus,

with coding, the performance differences between OFDM and OTES are greatly diminished.

symbols than in OTFS and leading to improved performance.
ii) FC-MMSE soft symbols: The FC-MMSE equalizer pro-
duces higher-quality soft symbols than the 1-tap equalizer,
so the BER (Fig. 8b) no longer exhibits early error floors,
particularly at R = 0.554. Similar to the 1-tap case, OFDM
and OTFS exhibit comparable performance at R = 0.245.
At R = 0.117, OFDM again outperforms OTFS. Specifically,
at BER = 107°, OFDM outperforms OTFS by 1 dB. iii)
VB-LLRs: The VB-LLR equalizer is explicitly designed to
generate high-quality LLRs, and therefore achieves the best
overall performance (Fig. 8c). For instance, at a high code
rate R 0.852, OFDM reaches BER = 1072 at SNR
~ 15 dB, which is nearly 2 dB better than the FC-MMSE
equalizer operating at a lower rate (R = 0.554). Also, even at
R = 0.852, the gap between OFDM and OTFS is relatively
small compared to that observed with the 1-tap and FC-
MMSE equalizers. At lower code rates, similar trends to the
FC-MMSE case are observed. In particular, at R = 0.554,
OFDM performs on par with OTFS and at R = 0.301, OFDM
outperforms OTFS by about 2 dB at BER = 1075, This is
due to the interference-cancellation capability of the VB-LLR
equalizer, which is more effective in OFDM owing to its more
concentrated IS structure than in OTFS.

2) Coded BER vs. Tymax and Vmax (Figs. 9 and 10):
We consider the low complexity 1-tap equalizer (Fig. 9) and
the interference-cancelling VB-LLR equalizer (Fig. 10). i)
Under both equalizers, increasing Tyax improves OFDM and
OTFS performance, unlike in the uncoded case. This is due
to the frequency diversity enabled by channel coding, and is
more pronounced at lower code rates and high-quality soft
symbols (VB-LLR). ii) With 1-tap soft symbols, increasing
Vmax initially reduces the BER for both waveforms due to
higher time diversity, but beyond a certain point, the BER
marginally increases as SIR degradation dominates. iii) With
the VB-LLR equalizer, the BER decreases monotonically with
increasing vy, as SIR has a negligible impact. iv) With both
equalizers, OFDM outperforms OTFS at low code rates (e.g.,
R = 0.117 for 1-tap and R = 0.301 for VB-LLR) for all
Tmax and Vmax, With a more pronounced gap under VB-LLR.
Coding enables OFDM to achieve TF diversity comparable to
OTFS and benefit from its concentrated IS structure, whereas

OFDM, R=0.554 =———OTFS, R=0.245
OTFS, R=0.554 —3¢—OTFS, R=0.117
OFDM, R=0.245 -~ OFDM, R=0.117
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Fig. 9: Coded BER Vs. Tmax, Vmax With 1-tap soft-symbols at SNR= 10 dB.
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OFDM, R=0.554 <5~ OFDM, R=0.301

Coded BER

Coded BER

Fig. 10: Coded BER vs. Tmax and vmax with VB-LLRs at SNR= 10 dB.

OTES suffers from fully spread IS. At vy,,x = 0 (purely delay-
spread), both waveforms exhibit the same performance due to
zero IS. Finally, except for the 1-tap case, with varying vpax
(where SIR plays a role), the gap between OFDM and OTFS
is nearly constant, since neither of them alter the IS structure
(see Sec. III-B). This shows that OFDM’s advantage at low
code rates arises from its concentrated IS structure.

C. Uncoded BER with estimated channel

We present the BER using the second-order variational
Bayesian off-grid channel estimation algorithm of [16]



10-128 e 1-tap —}— Uncoded 1071 L
—¢FC-MMSE —©-Coded, R=0.642
—B-VB-LLR 1071 1
& 1072}
m 1072 g U o
= = 10 1 & 3
s m M10°
)
P1o-s : C
1073 | X 10-4 ——VB-LLR, uncoded
Dashed line: OFDM 1 MP, uncoded
Solid line: OTFS ———VB-LLR, coded (R=0.554)
Lot ‘ ‘ ‘ 10-4 ‘ LN Y MP, coded (R=0.554) | ‘
0 5 10 15 20 0 10 20 30 -5 0 5 10 15 20

SNR (dB)

(a) Estimated channel.

SNR (dB)

(b) 16-QAM with VB-LLR.

SNR (dB)

(¢) Comparison of the VB-LLR and MP for OTFS.
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interference; (c) both detectors achieve the same performance.

in Fig. 11a. We use a 32-symbol preamble as a pilot signal
for channel estimation, with the pilot signal mounted on an
8 x 4 DD/TF grid for OTFS/OFDM, respectively. The pilot
SNR is set to be equal to the data SNR; all other settings are
the same as in Fig. 6. Compared with the perfect-CSIR results
in Fig. 6, the BER degradation due to channel estimation is
relatively small. For example, under FC-MMSE equalization,
the loss at a BER of 1072 is approximately 0.8 dB. The 1-
tap equalizer experiences a larger degradation because it relies
solely on the diagonal entries of the effective channel matrix
and is therefore more sensitive to channel estimation errors.
However, the overall performance trends remain unchanged.
In particular, the BER improvement, saturation behavior, and
crossover characteristics observed under perfect CSIR are
preserved under estimated CSIR.

D. BER with 16-QAM Constellation

Fig. 11b presents the BER of OFDM and OTFS employing
the VB-LLR equalizer with a 16-QAM constellation. In the
uncoded case, the performance gap between OFDM and OTFS
is smaller than in the BPSK case. For example, at a BER of
10~2, OTFS provides about 2.5 dB gain over OFDM, whereas
the corresponding gain in BPSK was 4.7 dB. Similarly, in
the coded case, OFDM begins to outperform OTFS even
at relatively high coding rates such as 0.642. This behavior
can be explained through the different IS structures of the
two waveforms. OFDM exhibits a concentrated IS structure,
whereas OTFS produces a fully spread IS structure. Under
higher-order constellations such as 16-QAM, these interfer-
ence characteristics become considerably more important than
in the BPSK case because the Euclidean distance between
constellation points is smaller. Hence, the soft symbols become
more sensitive to interference, leading to lower-quality LLRs
and degraded detection performance, particularly for OTFS.

E. BER Comparison Between MP and the Proposed VB-LLR

We present the BER vs. SNR under the MP and proposed
VB-LLR data detector in both uncoded and coded commu-
nications (R = 0.554) for OTFS in Fig. 1lc. We use the

same simulation settings for both MP and VB-LLR: identi-
cal modulation and coding configurations, frame dimensions,
equalizer initialization, and iteration counts. The results show
that the BER of the VB-LLR detector matches that of MP
across a broad range of SNRs while maintaining substantially
lower computational complexity and simpler iterative updates,
as discussed in Sec. VI-C.

VIII. DISCUSSIONS AND CONCLUSIONS

We developed a TF-domain analytical model for SS and IS
in OFDM and OTFS, revealing their distinct characteristics—
TF diversity, interference structure, and SIR—and how these
vary with Tyax and vp.x. Using this, we showed that in
uncoded transmission, OFDM and OTFS perform comparably
in flat-fading channels, and OTFS outperforms OFDM in
all other channels due to its inherent TF diversity. In terms
of performance across different equalizers, OFDM performs
poorly under a 1-tap equalizer and DD-spread channels, as its
performance is SIR-limited. Its performance improves dramat-
ically under an FC-MMSE equalizer, and improves by a further
1-2 dB under a VB-LLR equalizer. OTFS, on the other hand,
exhibits a diversity-SIR tradeoff and significantly outperforms
OFDM under a 1-tap equalizer. Its performance improves
with the FC-MMSE/VB-LLR equalizers, but to a lesser extent
than OFDM. OFDM is unaffected by the delay spread Tmax,
while OTFS improves with 7, up to a saturation point.
With increasing Doppler spread vy,,x, OFDM degrades under
1-tap but shows a slow monotonic improvement under FC-
MMSE/VB-LLR. The performance of OTFS improves initially
but sharply worsens under 1-tap, and improves monotonically
with v . under FC-MMSE/VB-LLR. In coded transmission,
OFDM performs on par with OTFS at low code rates under
1-tap/FC-MMSE and even at moderate rates under VB-LLR,
and outperforms OTFS at lower rates due to its concentrated
IS structure. For both waveforms, performance improves with
Tmax under all equalizers, and improves over a wider range
of vmax under 1-tap equalizer compared to the uncoded case,
while improving monotonically with v4,,x under VB-LLR.

The engineering takeaways based on the simulation settings
considered in this paper are as follows: i) When the channel



is flat-fading, the choice between OFDM and OTFS does
not matter, irrespective of the receiver structure employed. ii)
When the channel is purely delay-spread, a low-complexity 1-
tap equalizer is sufficient for both OFDM and OTFS. Further-
more, in coded communication systems, OFDM can achieve
performance comparable to OTFS. iii) When the channel is
purely Doppler-spread or DD-spread, receiver sophistication
becomes important. Among the considered receivers, VB-
LLR achieves the best performance, followed by FC-MMSE
and then the 1-tap equalizer. Moreover, in uncoded systems
and coded systems with relatively high code rates, OTFS
outperforms OFDM. iv) When a sophisticated receiver (e.g.,
VB-LLR) is employed together with coded communication at
moderate code rates, the choice between OFDM and OTFS
becomes largely inconsequential. v) At sufficiently low code
rates, OFDM becomes the preferred waveform. For example,
in the considered settings, OFDM outperforms OTFS at code
rates of approximately R < 0.301 with VB-LLR detection,
and for R < 0.117 with 1-tap equalization. vi) The above
observations are based on lower-order constellations such
as BPSK. For higher-order constellations such as 16-QAM,
OFDM remains an attractive choice even at relatively high
code rates. For example, with VB-LLR detection, OFDM
outperforms OTES at a code rate of R < 0.642.

Future work may focus on theoretical analysis of how the IS
structure interacts with different equalizers, extending the pro-
posed framework into a universal analytical tool for comparing
different waveforms, and investigating the performance under
practical nonidealities (e.g., non-rectangular pulse shaping and
imperfect CP), advanced coding techniques [31], and with
multiple antennas.
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