
Journal of Information and Intelligence 3 (2025) 189–193
Contents lists available at ScienceDirect

Journal of Information and Intelligence
journal homepage: www.keaipublishing.com/en/journals/

journal-of-information-and-intelligence
Rethink delay Doppler channels and time-frequency coding

Xiang-Gen Xia

Department of Electrical and Computer Engineering, University of Delaware, Newark DE 19716, USA
A R T I C L E I N F O

Keywords:
Orthogonal frequency division multiplexing
(OFDM)
Vector orthogonal frequency-division multi-
plexing (VOFDM)
Orthogonal time frequency space (OTFS)
Delay Doppler channel
Space/time/frequency coding
E-mail address: xxia@ece.udel.edu.

https://doi.org/10.1016/j.jiixd.2025.02.002
Received 3 January 2025; Received in revised for
Available online 25 March 2025
2949-7159/© 2025 The Authors. Publishing servic
the CC BY license (http://creativecommons.org/l
A B S T R A C T

In this paper, we rethink delay Doppler channels (also called doubly selective channels). We prove
that no modulation schemes (including the current active VOFDM/OTFS) can compensate a non-
trivial Doppler spread well. We then discuss some of the existing methods to deal with time-
varying channels, in particular time-frequency (TF) coding in an OFDM system. TF coding is
equivalent to space-time coding in the math part. We also summarize state of the art on space-time
coding that was an active research topic over a decade ago.
1. No modulation scheme can compensate non-trivial Doppler shifts

A doubly selective channel, i.e., it has both time spread and Doppler spread, has re-attracted significant attention lately due to the
recent Starlink success. In fact, such a channel was studied in the 1990's, see for example [1,2]. A douly selective channel is also called a
delay Doppler channel [3]. A recent active topic is orthogonal time frequency space (OTFS) modulation [4,5] that has been shown
identical to vector OFDM (VOFDM) [6–8] in Refs. [9–12]. OTFS has been claimed to be able to deal with a delay Doppler channel well,
which, we think, is mis-leading and no modulation scheme can well compensate a non-trivial Doppler spread, as we shall see in details
below.

A delay Doppler channel can be described as follows [1–3]. At time delay τ, let

hðτ; tÞ ¼ gðτÞe�jΩðτÞt (1)

be its channel response with Doppler shiftΩ(τ) that is a function of time delay τ. It means that the path h(τ, t) of time delay τ has Doppler
shift Ω(τ) and in general, different paths at different time delays may have different Doppler shifts.

Let s(t) be a transmitted signal. Then, the received signal y(t) at time t is

yðtÞ ¼
ð
hðτ; tÞsðt � τÞdτ þ wðtÞ ¼

ð
gðτÞsðt � τÞe�jΩðτÞtdτ þ wðtÞ; (2)

where w(t) is the additive noise.
When the Doppler shift functionΩ(τ) in equation (2) is a constantΩ that does not depend on τ, which is called trivial Doppler spread

case, it means that all the channel responses at all the time delays have the same Doppler shift Ω. In this case, it is easy to see that this
Doppler shift can be compensated at either transmitter or receiver and the compensated channel then becomes a time spread only
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channel. This argument applies to the channels on any finite time interval where the Doppler shift function Ω(τ) is approximately
constant, i.e., it can be approximated by a constant independent of time delay variable τ.

Otherwise, different multipaths have different Doppler shifts and it is called non-trivial Doppler spread case. In this case, the received
signal in equation (2) becomes

yðtÞ ¼
ð
gðt � τÞsðτÞe�jΩðt�τÞtdτ þ wðtÞ: (3)

For example, when the Doppler shift function Ω(τ) is linear in terms of τ, i.e., Ω(τ)¼ Ωτ for some non-zero constantΩ, then the received
signal in equation (3) is

yðtÞ ¼
ð
gðt � τÞsðτÞe jΩτtdτe�jΩt2 þ wðtÞ: (4)

Fromthe above signalmodel, the non-trivialDoppler spread part is also a function of variable t, while the transmitted signal s(τ) onlydepends
on τ and nomatterwhat s(τ) is, it has nothing to dowith the variable t in the Doppler spread, thus any transmit signal s(t) cannot compensate
the Doppler spread, no matter what modulation scheme is used. This conclusion holds for both continuous and discrete time signal models,
and also for signal models on any time interval that could be short. With the above result, neither VOFDM/OTFS nor GFDM [13–15] can
compensate a non-trivial Doppler spread as also briefly mentioned in Ref. [16] from a joint time-frequency analysis point of view.

A delay Doppler channel is a time-varying channel. Although there is no modulation that can compensate the non-trivial Doppler
spread well, there were methods to deal with general time-varying channels to have improved performance over 20 years ago. The basic
idea is to use a block of time slots together in demodulation or decoding. These methods include bit-interleaved coded modulation
(BICM) [17] and signal space diversity for narrow band systems [18,19], which can be applied along the frequency components in
broadband OFDM systems, and time-frequency (TF) coding for broadband OFDM systems. Mathematically TF coding is equivalent to
space-time (ST) coding and both of them are the two special cases of space-time-frequency (STF) coding. Ref. [20] is a tutorial paper
about ST/SF/STF coding, where one can find the related original works on this topic.

Note that for TF coding, multiple OFDM symbols may be coded and decoded together. If only one OFDM symbol is considered,
information symbols in one OFDM symbol can be coded/decoded together by using signal space diversity along the frequency index as
mentioned earlier. The main problem for signal space diversity and TF coding is the demodulation/decoding complexity, since all the
information symbols in one or multiple OFDM symbols are decoded/demodulated together.

If one OFDM symbol is demodulated together, firstly we think that it is againist the motivation to emply OFDM with simple
demodulation complexty, and secondly, to deal with time-varying channels, one could randomly generate an N � N unitary matrix and
apply it as a precoding before the OFDM of N subcarriers. This may not perform as good as the signal space diversity technique in the
frequency domain that can achieve full multipath diversity in theory, but may perform as good as any existing linearly modified OFDM
systems (XFDM, XYDM, XYZM), all of which may have too high demodulation complexities.

Although VOFDM/OTFS cannot compensate a non-trivial Doppler spread, it does have improved performance for time-varying
channels over OFDM. This is because for VOFDM/OTFS, a vector of information symbols are demodulated together [7,8,11,21,22].
For example, the frequency domain equalizer along a vector of symbols can be used. However, this performance improvement is not
because of the particular delay Doppler channel but applies to any time-varying channel.

In addition to its good performance for time-varying channels, VOFDM is the most general modulation in terms of dealing with
intersymbol interference (ISI) channels. AssumeM is the vector size of VOFDM andN is the number of subcarriers as in OFDM. For an ISI
channel H(z), at the receiver, after the cyclic prefix removal, the received signal becomes, see Ref. [7]:

yk ¼ Hkxk þ wk ; (5)

for k ¼ 0, 1, ⋅⋅⋅, N � 1, and xk and yk are the M � 1 information symbol vector and the M � 1 received signal vector (after the
component-wise N-point FFT of the received signal vectors), respectively, and wk is the additive noise vector, at the kth frequency
component. And Hk is theM �M pseudo-circulant channel matrix H(z) evaluated at the kth frequency of z ¼ exp(j2πk/N). The pseudo-
circulant matrix H(z) is obtained from the polyphase components of the original ISI channel function H(z) and its more details are
referred to Ref. [7]. The received signal model in equation (5) was mathematically new in the literature for an ISI channel, which is the
generalization of the OFDM received signal model in terms of ISI level. When the vector sizeM¼ 1, VOFDM returns to the conventional
OFDM and the received signal model (5) is the same as the conventional one of the OFDM.WhenM is not smaller than the ISI size and N
¼ 1, it returns to the conventional single carrier frequency domain equalizer (SF-FDE) [22]. Thus, VOFDM is also a bridge between
OFDM and SC-FDE. For a general vector size M and each k, there are at most M symbols interfering each other inside each vector
subchannel (5) but there is no ISI across vector subchannels, i.e., across k. Thus, for vector sizeM¼ 1, 2, 3, ⋅⋅⋅, VOFDM is themost general
modudlation scheme in terms of ISI level that converts an ISI channel to multiple independent subchannels each of which may have no
ISI, M ¼ 2 symbols in ISI, M ¼ 3 symbols in ISI, ⋅⋅⋅, respectively.

It is important to note that one can obviously add pulses to VOFDM in transmission, the same as adding pulses to OFDM in trans-
mission. The key to determine whether a modulation is the same as VOFDM is to see whether it leads to the same receive signal
model (5) at the receiver for any fixed ISI channel, when the rectangular pulse is used.

Recall that dealing with ISI channels has been always the most important physical layer task in digital communications in the past, no
matter whether in wired or wireless systems. In fact, this is also the most important in radar applications with broadband waveforms.
190



X.-G. Xia Journal of Information and Intelligence 3 (2025) 189–193
Although in radar applications there is no concept of ISI, it is called inter-range cell interference (IRCI) [23–25]. The reason is simple and it is
becausebothof themuseEMwaves to transmit and receive.Thus, inouropinion, as themost generalmodulation todealwith an ISI channel,
VOFDM/OTFSplays amore important role over an ISI channel thanover a time-varying channel (or, in particular, a delayDoppler channel).

2. Time-frequency coding

TF coding is an old concept that can be done by utlizing the signal space diversity technique [18,19] along the frequency index in one
OFDM symbol as mentioned before or two dimensional coding across multiple OFDM symbols similar to ST coding that can be thought
of a special case of space-time-frequency (STF) coding and more details can be found in Ref. [20]. Also, a signal space diversity design is
equivalent to a diagonal space-time block code design [26].

As mentioned earlier, the major problem for these approaches using TF/STF coding is the high demodulation/decoding complexity.
Otherwise, no modulations (XFDM, XYDM, XYZM) can perform better than frequency domain signal space diversity or TF/STF coding
over time-varying channels including delay Doppler channels. A key for these techniques is ST code design that can be briefly described
below.

An ST code is a collection of the same size matrices, which information bits are mapped to, to transmit. One dimension of a matrix in
an ST code corresponds to time and the other dimension corresponds to space, i.e., transmit antennas. Without loss of generality, let us
assume all the matrices are squared, i.e., the dimensions of time and space are the same. If the maximum-likelihood (ML) decoding is
used at the receiver, an ST code achieves full diversity if any difference matrix of any two distinct matrices in the ST code has full rank.
The minimum of the absolute determinant value of all the difference matrices of two distinct matrices in the ST code corresponds to
the coding gain (or called diversity product), whose maximum is desired in a design of ST codes, called optimal ST codes. Such an
optimal 2� 2 unitary code (i.e., each matrix in the code is unitary) of size 6 is obtained in Ref. [27] and a best known 2� 2 unitary code
of size 16 is obtained in Ref. [28].

Themost well-known (also one of the earliest) ST block code is the Alamouti code [29] for two transmit antennas, which corresponds
to complex numbers for real information symbols and quaternions for complex information symbols. It has been generalized to
orthogonal space-time block codes (OTSBC) for a general number of transmit antennas [30]. The orthogonality of an OSTBC provides
the fastest ML decoding (symbol-wise decoding) and the full diversity. Unfortunately, this orthogonality is too strong so that the symbol
rate (symbols per channel use) of an OTSBC is upper bounded by 3/4 for more than 2 transmit antennas and is conjectured to be upper
bounded by (kþ 1)/(2k) for n¼ 2k� 1 or 2k transmit antennas [31]. This conjecture is true if no complex linear combinations of two or
more information symbols is allowed in an OSTBC [32]. Systematic designs of OSTBCs achieving the conjectured rate upper bound for
an arbitrary number of transmit antennas are presented in Refs. [32–34]. The designs in Ref. [34] are inductive and have closed forms,
while the other two in Refs. [32,33] are human-assisted or computer-assisted, and do not have closed forms.
Fig. 1. Space-time coding tradeoff between decoding complexity, rate, and performance.
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The above generally mentioned TF/STF/ST coding with full diversity is based on ML demodulation/decoding. Although OSTBC has
fast ML decoding, their rates are low and approach 1/2 when the number of transmit antennas goes large. However, for a low decoding
complexity and having full diversity in the meantime, the orthogonality in an OSTBC is not necessary. Later we started to design ST
codes based on other low complexity demodulation algorithms, such as linear receiver [35], partial interference cancellation (PIC)
group decoding [36,37], and conditional PIC group decoding [38]. In summary, achieving a low complexity decoding and full diversity
as well, the sacrifice is the code rate. For example, the maximal code rate for linear receiver is 1 [35] and codes with rates approaching 1
and achieving full diversity with linear receiver are designed in Ref. [35] as well. The maximal code rate for PIC group decoding is K that
is the group size [36]. One of the latest designs in this direction is [39]. Fig. 1 illustrates the tradeoff between decoding complexity, code
rate, and full diversity (i.e., performance). For more details, we would like to refer the reader to Ref. [40].

As a final note, ST coding has been combined with VOFDM in Refs. [7,41,42] to achieve an improved performance over fading
channels.

3. Conclusion

In this paper, we first showed that no modulation schemes can compensate a non-trivial Doppler spread. The true reason for all the
claimed modulation schemes, such as VOFDM/OTFS, are good for delay Doppler channels is due to their block-wise/vector-wise
demodulation in time or/and in frequency, which is good for general time-varying channels the same reason as BICM, signal space
diversity, and time-frequency coding. It is not because they can specially treat/compensate Doppler spread, and it is mis-leading in the
community and is clarified in this paper.

We also summarized the main features of VOFDM and ST codes. Since this paper is not about a comprehensive tutorial on ST codes, a
lot interesting works on ST/STF codes over a decade ago were not mentioned.

Declaration of competing interest

The author declares that he has no known competing financial interests or personal relationships that could have appeared to in-
fluence the work reported in this paper.

References

[1] M.D. Hahm, Z.I. Mitrovski, E.L. Titlebaum, Deconvolution in the presence of Doppler with application to specular multipath parameter estimation, IEEE
Transactions on Signal Processing 45 (9) (1997) 2203–2219.

[2] X.-G. Xia, Channel identification with Doppler and time shifts using mixed training signals, in: Proceedings of the 1998 IEEE International Conference on
Acoustics, Speech and Signal Processing, IEEE, Piscataway, 1998, pp. 2081–2084.

[3] A. Fish, S. Gurevich, R. Hadani, A.M. Sayeed, O. Schwartz, Delay-doppler channel estimation in almost linear complexity, IEEE Transactions on Information
Theory 59 (11) (2013) 7632–7644.

[4] R. Hadani, S. Rakib, M. Tsatsanis, A. Monk, A.J. Goldsmith, A.F. Molisch, R. Calderbank, Orthogonal time frequency space modulation, in: Proceedings of IEEE
Wireless Communications and Networking Conference, IEEE, Piscataway, 2017, pp. 1–6.

[5] Y. Hong, T. Thaj, E. Viterbo, Delay-Doppler Communications: Principles and Applications, Elsevier, London, 2022.
[6] X.-G. Xia, Precoded OFDM systems robust to spectral null channels and vector OFDM systems with reduced cyclic prefix length, in: Proceedings of the 2000 IEEE

International Conference on Communications, IEEE, Piscataway, 2000, pp. 1110–1114.
[7] X.-G. Xia, Precoded and vector OFDM robust to channel spectral nulls and with reduced cyclic prefix length in single transmit antenna systems, IEEE Transactions

on Communications 49 (8) (2001) 1363–1374.
[8] X.-G. Xia, Modulated coding for intersymbol interference channels, CRC Press, Boca Raton, 2001, p. 308.
[9] P. Raviteja, E. Viterbo, Y. Hong, OTFS performance on static multipath channels, IEEE Wireless Communications Letters 8 (3) (2019) 745–748.

[10] Y. Ge, Q. Deng, P.C. Ching, Z. Ding, OTFS signaling for uplink NOMA of heterogeneous mobility users, IEEE Transactions on Communications 69 (5) (2021)
3147–3161.

[11] X.-G. Xia, Comments on “the transmitted signals of OTFS and VOFDM are the same”, IEEE Transactions on Wireless Communications 21 (12) (2022),
11252–11252.

[12] I. van der Werf, H. Dol, K. Blom, R. Heusdens, R.C. Hendriks, G. Leus, On the equivalence of OSDM and OTFS, Signal Processing 214 (2024) 109254.
[13] N. Michailow, M. Matth�e, I.S. Gaspar, A.N. Caldevilla, L.L. Mendes, A. Festag, G. Fettweis, Generalized frequency division multiplexing for 5th generation cellular

networks, IEEE Transactions on Communications 62 (9) (2014) 3045–3061.
[14] M. Matth�e, L.L. Mendes, G. Fettweis, Generalized frequency division multiplexing in a Gabor transform setting, IEEE Communications Letters 18 (8) (2014)

1379–1382.
[15] P. Wei, X.-G. Xia, Y. Xiao, S.Q. Li, Fast DGT-based receivers for GFDM in broadband channels, IEEE Transactions on Communications 64 (10) (2016) 4331–4345.
[16] X.-G. Xia, Delay Doppler transform, IEEE Wireless Communications Letters 13 (6) (2024) 1636–1639.
[17] G. Caire, G. Taricco, E. Biglieri, Bit-interleaved coded modulation, IEEE Transactions on Information Theory 44 (3) (1998) 927–946.
[18] K. Boulle, J.-C. Belfiore, Modulation schemes designed for the Rayleigh fading channel, in: Proceedings of CISS, 1992.
[19] J. Boutros, E. Viterbo, Signal space diversity: A power- and bandwidth-efficient diversity technique for the Rayleigh fading channel, IEEE Transactions on

Information Theory 44 (4) (1998) 1453–1467.
[20] W. Zhang, X.-G. Xia, K.B. Letaief, Space-time/frequency coding for MIMO-OFDM in next generation broadband wireless systems, IEEE Wireless Communications

14 (3) (2007) 32–43.
[21] H. Zhang, X. Xia, Iterative decoding and demodulation for single-antenna vector OFDM systems, IEEE Transactions on Vehicular Technology 55 (4) (2006)

1447–1454.
[22] Y. Li, I. Ngebani, X.-G. Xia, A. Host-Madsen, On performance of vector OFDM with linear receivers, IEEE Transactions on Signal Processing 60 (10) (2012)

5268–5280.
[23] T.-X. Zhang, X.-G. Xia, OFDM synthetic aperture radar imaging with sufficient cyclic prefix, IEEE Transactions on Geoscience and Remote Sensing 53 (1) (2015)

394–404.
[24] T.-X. Zhang, X.-G. Xia, L. Kong, IRCI free range reconstruction for SAR imaging with arbitrary length OFDM pulse, IEEE Transactions on Signal Processing 62 (18)

(2014) 4748–4759.
[25] X.-G. Xia, T.-X. Zhang, L. Kong, MIMO OFDM radar IRCI free range reconstruction with sufficient cyclic prefix, IEEE Transactions on Aerospace and Electronic

Systems 51 (3) (2015) 2276–2293.
192

http://refhub.elsevier.com/S2949-7159(25)00002-2/sref1
http://refhub.elsevier.com/S2949-7159(25)00002-2/sref1
http://refhub.elsevier.com/S2949-7159(25)00002-2/sref1
http://refhub.elsevier.com/S2949-7159(25)00002-2/sref2
http://refhub.elsevier.com/S2949-7159(25)00002-2/sref2
http://refhub.elsevier.com/S2949-7159(25)00002-2/sref2
http://refhub.elsevier.com/S2949-7159(25)00002-2/sref3
http://refhub.elsevier.com/S2949-7159(25)00002-2/sref3
http://refhub.elsevier.com/S2949-7159(25)00002-2/sref3
http://refhub.elsevier.com/S2949-7159(25)00002-2/sref4
http://refhub.elsevier.com/S2949-7159(25)00002-2/sref4
http://refhub.elsevier.com/S2949-7159(25)00002-2/sref4
http://refhub.elsevier.com/S2949-7159(25)00002-2/sref5
http://refhub.elsevier.com/S2949-7159(25)00002-2/sref6
http://refhub.elsevier.com/S2949-7159(25)00002-2/sref6
http://refhub.elsevier.com/S2949-7159(25)00002-2/sref6
http://refhub.elsevier.com/S2949-7159(25)00002-2/sref7
http://refhub.elsevier.com/S2949-7159(25)00002-2/sref7
http://refhub.elsevier.com/S2949-7159(25)00002-2/sref7
http://refhub.elsevier.com/S2949-7159(25)00002-2/sref8
http://refhub.elsevier.com/S2949-7159(25)00002-2/sref9
http://refhub.elsevier.com/S2949-7159(25)00002-2/sref9
http://refhub.elsevier.com/S2949-7159(25)00002-2/sref10
http://refhub.elsevier.com/S2949-7159(25)00002-2/sref10
http://refhub.elsevier.com/S2949-7159(25)00002-2/sref10
http://refhub.elsevier.com/S2949-7159(25)00002-2/sref11
http://refhub.elsevier.com/S2949-7159(25)00002-2/sref11
http://refhub.elsevier.com/S2949-7159(25)00002-2/sref11
http://refhub.elsevier.com/S2949-7159(25)00002-2/sref12
http://refhub.elsevier.com/S2949-7159(25)00002-2/sref13
http://refhub.elsevier.com/S2949-7159(25)00002-2/sref13
http://refhub.elsevier.com/S2949-7159(25)00002-2/sref13
http://refhub.elsevier.com/S2949-7159(25)00002-2/sref13
http://refhub.elsevier.com/S2949-7159(25)00002-2/sref14
http://refhub.elsevier.com/S2949-7159(25)00002-2/sref14
http://refhub.elsevier.com/S2949-7159(25)00002-2/sref14
http://refhub.elsevier.com/S2949-7159(25)00002-2/sref14
http://refhub.elsevier.com/S2949-7159(25)00002-2/sref15
http://refhub.elsevier.com/S2949-7159(25)00002-2/sref15
http://refhub.elsevier.com/S2949-7159(25)00002-2/sref16
http://refhub.elsevier.com/S2949-7159(25)00002-2/sref16
http://refhub.elsevier.com/S2949-7159(25)00002-2/sref17
http://refhub.elsevier.com/S2949-7159(25)00002-2/sref17
http://refhub.elsevier.com/S2949-7159(25)00002-2/sref18
http://refhub.elsevier.com/S2949-7159(25)00002-2/sref19
http://refhub.elsevier.com/S2949-7159(25)00002-2/sref19
http://refhub.elsevier.com/S2949-7159(25)00002-2/sref19
http://refhub.elsevier.com/S2949-7159(25)00002-2/sref20
http://refhub.elsevier.com/S2949-7159(25)00002-2/sref20
http://refhub.elsevier.com/S2949-7159(25)00002-2/sref20
http://refhub.elsevier.com/S2949-7159(25)00002-2/sref21
http://refhub.elsevier.com/S2949-7159(25)00002-2/sref21
http://refhub.elsevier.com/S2949-7159(25)00002-2/sref21
http://refhub.elsevier.com/S2949-7159(25)00002-2/sref22
http://refhub.elsevier.com/S2949-7159(25)00002-2/sref22
http://refhub.elsevier.com/S2949-7159(25)00002-2/sref22
http://refhub.elsevier.com/S2949-7159(25)00002-2/sref23
http://refhub.elsevier.com/S2949-7159(25)00002-2/sref23
http://refhub.elsevier.com/S2949-7159(25)00002-2/sref23
http://refhub.elsevier.com/S2949-7159(25)00002-2/sref24
http://refhub.elsevier.com/S2949-7159(25)00002-2/sref24
http://refhub.elsevier.com/S2949-7159(25)00002-2/sref24
http://refhub.elsevier.com/S2949-7159(25)00002-2/sref25
http://refhub.elsevier.com/S2949-7159(25)00002-2/sref25
http://refhub.elsevier.com/S2949-7159(25)00002-2/sref25


X.-G. Xia Journal of Information and Intelligence 3 (2025) 189–193
[26] M.O. Damen, K. Abed-Meraim, J.-C. Belfiore, Diagonal algebraic space-time block codes, IEEE Transactions on Information Theory 48 (3) (2002) 628–636.
[27] H. Wang, G. Wang, X.-G. Xia, Some 2 by 2 unitary space-time codes from sphere packing theory with optimal diversity product of code size 6, IEEE Transactions

on Information Theory 50 (12) (2004) 3361–3368.
[28] X.-B. Liang, X.-G. Xia, Unitary signal constellations for differential space-time modulation with two transmit antennas: Parametric codes, optimal designs, and

bounds, IEEE Transactions on Information Theory 48 (8) (2002) 2291–2322.
[29] S.M. Alamouti, A simple transmit diversity technique for wireless communications, IEEE Journal on Selected Areas in Communications 16 (8) (1998) 1451–1458.
[30] V. Tarokh, H. Jafarkhani, A.R. Calderbank, Space-time block codes from orthogonal designs, IEEE Transactions on Information Theory 45 (5) (1999) 1456–1467.
[31] H. Wang, X.-G. Xia, Upper bounds of rates of complex orthogonal space-time block codes, IEEE Transactions on Information Theory 49 (2003) 2788–2796.
[32] X.-B. Liang, Orthogonal designs with maximal rates, IEEE Transaction on Information Theory 49 (10) (2003) 2468–2503.
[33] W. Su, X.-G. Xia, K.J.R. Liu, A systematic design of high-rate complex orthogonal space-time block codes, IEEE Communications Letters 8 (6) (2004) 380–382.
[34] K. Lu, S. Fu, X.-G. Xia, Closed form designs of complex orthogonal space-time block codes of rates (kþ1)/(2k) for 2k�1 or 2k transmit antennas, IEEE

Transactions on Information Theory 51 (12) (2005) 4340–4347.
[35] Y. Shang, X.-G. Xia, Space-time block codes achieving full diversity with linear receivers, IEEE Transactions on Information Theory 54 (10) (2008) 4528–4547.
[36] X. Guo, X.-G. Xia, On full diversity space-time block codes with partial interference cancellation group decoding, IEEE Transactions on Information Theory 55

(10) (2009) 4366–4385.
[37] X. Guo, X.-G. Xia, Correction to “On full diversity space-time block codes with partial interference cancellation group decoding”, IEEE Transactions on

Information Theory 56 (7) (2010) 3635–3636.
[38] T. Xu, X.-G. Xia, On space-time code design with a conditional PIC group decoding, IEEE Transactions on Information Theory 57 (6) (2011) 3582–3593.
[39] L. Shi, W. Zhang, X.-G. Xia, Space-frequency codes for MIMO-OFDM systems with partial interference cancellation group decoding, IEEE Transactions on

Communications 51 (8) (2013) 3270–3280.
[40] X.-G. Xia, Space-Time Modulation, 2012. https://www.eecis.udel.edu/~xxia/STBC_2012.pdf.
[41] C. Han, T. Hashimoto, N. Suehiro, Constellation-rotated vector OFDM and its performance analysis over Rayleigh fading channels, IEEE Transactions on

Communications 58 (3) (2010) 828–837.
[42] P. Cheng, M. Tao, Y. Xiao, W. Zhang, V-OFDM: On performance limits over multi-path Rayleigh fading channels, IEEE Transactions on Communications 59 (7)

(2011) 1878–1892.

Xiang-Gen Xia (M’97, S’00, F’09) received his B.S. degree in mathematics from Nanjing Normal University, Nanjing, China, and his M.S.
degree in mathematics from Nankai University, Tianjin, China, and his Ph.D. degree in electrical engineering from the University of Southern
California, Los Angeles, in 1983, 1986, and 1992, respectively. He was a Senior/Research Staff Member at Hughes Research Laboratories,
Malibu, California, during 1995~1996. In September 1996, he joined the Department of Electrical and Computer Engineering, University of
Delaware, Newark, Delaware, where he is the Charles Black Evans Professor. His current research interests include space-time coding, MIMO
and OFDM systems, digital signal processing, and SAR and ISAR imaging. Dr. Xia is the author of the book Modulated Coding for Intersymbol
Interference Channels (New York, Marcel Dekker, 2000), and a co-author of the book Array Beamforming Enabled Wireless Communications
(New York, CRC Press, 2023). Dr. Xia received the National Science Foundation (NSF) Faculty Early Career Development (CAREER) Program
Award in 1997, the Office of Naval Research (ONR) Young Investigator Award in 1998, and the Outstanding Overseas Young Investigator
Award from the National Nature Science Foundation of China in 2001. He received the 2019 Information Theory Outstanding Overseas
Chinese Scientist Award, The Information Theory Society of Chinese Institute of Electronics. Dr. Xia has served as an Associate Editor for
numerous international journals including IEEE Transactions on Signal Processing, IEEE Transactions on Wireless Communications, IEEE
Transactions on Mobile Computing, and IEEE Transactions on Vehicular Technology. Dr. Xia is Technical Program Chair of the Signal Pro-
cessing Symp., Globecom 2007 in Washington D.C. and the General Co-Chair of ICASSP 2005 in Philadelphia.
193

http://refhub.elsevier.com/S2949-7159(25)00002-2/sref26
http://refhub.elsevier.com/S2949-7159(25)00002-2/sref26
http://refhub.elsevier.com/S2949-7159(25)00002-2/sref27
http://refhub.elsevier.com/S2949-7159(25)00002-2/sref27
http://refhub.elsevier.com/S2949-7159(25)00002-2/sref27
http://refhub.elsevier.com/S2949-7159(25)00002-2/sref28
http://refhub.elsevier.com/S2949-7159(25)00002-2/sref28
http://refhub.elsevier.com/S2949-7159(25)00002-2/sref28
http://refhub.elsevier.com/S2949-7159(25)00002-2/sref29
http://refhub.elsevier.com/S2949-7159(25)00002-2/sref29
http://refhub.elsevier.com/S2949-7159(25)00002-2/sref30
http://refhub.elsevier.com/S2949-7159(25)00002-2/sref30
http://refhub.elsevier.com/S2949-7159(25)00002-2/sref31
http://refhub.elsevier.com/S2949-7159(25)00002-2/sref31
http://refhub.elsevier.com/S2949-7159(25)00002-2/sref32
http://refhub.elsevier.com/S2949-7159(25)00002-2/sref32
http://refhub.elsevier.com/S2949-7159(25)00002-2/sref33
http://refhub.elsevier.com/S2949-7159(25)00002-2/sref33
http://refhub.elsevier.com/S2949-7159(25)00002-2/sref34
http://refhub.elsevier.com/S2949-7159(25)00002-2/sref34
http://refhub.elsevier.com/S2949-7159(25)00002-2/sref34
http://refhub.elsevier.com/S2949-7159(25)00002-2/sref34
http://refhub.elsevier.com/S2949-7159(25)00002-2/sref34
http://refhub.elsevier.com/S2949-7159(25)00002-2/sref35
http://refhub.elsevier.com/S2949-7159(25)00002-2/sref35
http://refhub.elsevier.com/S2949-7159(25)00002-2/sref36
http://refhub.elsevier.com/S2949-7159(25)00002-2/sref36
http://refhub.elsevier.com/S2949-7159(25)00002-2/sref36
http://refhub.elsevier.com/S2949-7159(25)00002-2/sref37
http://refhub.elsevier.com/S2949-7159(25)00002-2/sref37
http://refhub.elsevier.com/S2949-7159(25)00002-2/sref37
http://refhub.elsevier.com/S2949-7159(25)00002-2/sref38
http://refhub.elsevier.com/S2949-7159(25)00002-2/sref38
http://refhub.elsevier.com/S2949-7159(25)00002-2/sref39
http://refhub.elsevier.com/S2949-7159(25)00002-2/sref39
http://refhub.elsevier.com/S2949-7159(25)00002-2/sref39
https://www.eecis.udel.edu/%7Exxia/STBC_2012.pdf
http://refhub.elsevier.com/S2949-7159(25)00002-2/sref41
http://refhub.elsevier.com/S2949-7159(25)00002-2/sref41
http://refhub.elsevier.com/S2949-7159(25)00002-2/sref41
http://refhub.elsevier.com/S2949-7159(25)00002-2/sref42
http://refhub.elsevier.com/S2949-7159(25)00002-2/sref42
http://refhub.elsevier.com/S2949-7159(25)00002-2/sref42

	Rethink delay Doppler channels and time-frequency coding
	1. No modulation scheme can compensate non-trivial Doppler shifts
	2. Time-frequency coding
	3. Conclusion
	Declaration of competing interest
	References


