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DIGITAL COMMUNICATION USING DISPERSED ORTHOGONAL
TIME FREQUENCY SPACE MODULATED SIGNALS

CROSS REFERENCE TO RELATED APPLICATIONS
[0001] The present patent document claims priority to U.S. Provisional Patent
Application No. 62/484,303 entitled “DIGITAL COMMUNICATION USING DISPERSED
ORTHOGONAL TIME FREQUENCY SPACE MODULATED SIGNALS” filed on April
11, 2017. The entire content of the aforementioned patent application is incorporated by

reference as part of the disclosure of this patent document.

TECHNICAL FIELD
[0002] The present document relates to wireless communication, and more particularly,
to digital communications using orthogonal time frequency space (OTFS) domain modulated

signals.

BACKGROUND
[0003] Due to an explosive growth in the number of wireless user devices and the
amount of wireless data that these devices can generate or consume, current wireless
communication networks are fast running out of bandwidth to accommodate such a high
growth in data traffic and provide high quality of service to users.
[0004] Various efforts are underway in the telecommunication industry to come up with
next generation of wireless technologies that can keep up with the demand on performance of

wireless devices and networks.

SUMMARY
[0005] This document discloses digital communication transmission and reception
techniques using dispersed orthogonal time frequency space (OTFS) modulation schemes.
[0006] In one example aspect, a wireless communication method is disclosed. Using the
method, at a transmitter, source data bits are modulated into a number Nd of constellation
symbols. An invertible transform is applied to the constellation symbols, thereby resulting in
mapping the transformed symbols into Nd elements in the time-frequency grid. A signal
resulting from the invertible transform is transmitted over a communication channel.
[0007] In another example aspect, a wireless communication reception method is

disclosed. The method includes receiving a signal comprising a logical grouping of Nd
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symbols arranged in a time-frequency grid, generating equalized symbols by equalizing the
signal by estimating a channel over which the signal is received, transforming the equalized
symbols using an invertible transform into Nd estimated received symbol constellations, and
recovering source data bits from the Nd estimated received symbol constellations.

[0008] In yet another example aspect, a wireless communication apparatus is disclosed.
The apparatus includes a memory and a processor wherein the processor is configured to read
instructions from the memory and implement one of the above-described methods.

[0009] In yet another example aspect, the above described methods can be embodied as
processor-executable code stored in a processor-readable memory.

[0010] These, and other, features are described in this document.

DESCRIPTION OF THE DRAWINGS
[0011] Drawings described herein are used to provide a further understanding and
constitute a part of this application. Example embodiments and illustrations thereof are used

to explain the technology rather than limiting its scope.

[0012] FIG. 1 shows an example communication network.

[0013] FIG. 2 shows a flowchart of an example wireless communication transmission
method.

[0014] FIG. 3 shows a flowchart of a wireless communication reception method.

[0015] FIG. 4 shows OTFS waveform generation example. A grid of 4x8 QAM symbols

in the delay—Doppler domain is converted Inverse Symplectic Fourier transform (SFFT'l) to
the Time(T)—-Frequency(F) domain and used as an input to an OFDM modulator.

[0016] FIG. 5 shows Time Frequency example of multiplexing RS (white circles) and
data (black circles).

[0017] FIG. 6 shows multiple delay-Doppler grid examples.

[0018] FIG. 7 shows multiple delay-Doppler grid examples. Reference Signals are
represented in hollow circles and data are in shaded signals.

[0019] FIG. 8 shows non-grid allocation along timing. In this example, different time-
frequency grid elements are transmitted at different times. This type of allocation may be
used for postponing some of the use device’s time-frequency elements to a later transmission
in case a higher priority user device is using the resources.

[0020] FIG. 9 shows combined delay Doppler grid examples.

[0021] FIG. 10 shows a multiplexing example for a 1-D transform.
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[0022] FIG. 11 shows a receiver implementation example with a linear equalizer and
two grids.

[0023] FIG. 12 shows receiver implementation examples with a linear equalizer and a
single grid.

[0024] FIG. 13 shows an example of an iterative receiver implementation with multiple
grids.

[0025] FIG. 14 shows an iterative receiver implementation example with a single grid.
[0026] FIG. 15 shows a receiver implementation example with a 1-D transform.

[0027] FIG. 16 shows an iterative receiver implementation example with a 1-D
transform.

[0028] FIG. 17 shows Levels of Abstraction: Signaling over the (i) actual channel with a

signaling waveform (ii) the time-frequency Domain (iii) the delay-Doppler Domain

[0029] FIG. 18 shows Notation Used to Denote Signals at Various Stages of Transmitter
and Receiver

[0030] FIG. 19 shows Conceptual Implementation of the Heisenberg Transform in the

Transmitter and the Wigner Transform in the Receiver

[0031] FIG. 20 shows a flowchart of an example wireless communication reception
method.

[0032] FIG. 21 shows flowchart of another example wireless communication reception
method.

[0033] FIG. 22 shows a block diagram showing an example 2-D iterative equalizer

[0034] FIG. 23 shows a block diagram showing an example of a self-iterative 2-D

equation.

[0035] FIG. 24 shows a block diagram showing an example transmission system.
[0036] FIG. 25 shows a block diagram of an example of a multi-level transmission
system.

[0037] FIG. 26 shows a block diagram of an iterative receiver apparatus.

[0038] FIG. 27 shows a block diagram of an example iterative receiver apparatus that

uses multi-level decoding.

[0039] FIG. 28 shows an example of a wireless communication method.
[0040] FIG. 29 shows an example of a wireless communication reception method.
[0041] FIG. 30 shows an example of a wireless transceiver apparatus.
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DETAILED DESCRIPTION
[0042] To make the purposes, technical solutions and advantages of this disclosure more
apparent, various embodiments are described in detail below with reference to the drawings.
Section headings are used in the present document for ease of explanation only and do not
limit scope of the disclosed embodiments only to those sections. Accordingly, embodiments
and features in various sections of the present document may be combined with each other.
[0043] Orthogonal Time Frequency Space (OTFS) is a modulation technique, where
constellation symbols are placed on a regular grid in the delay-Doppler dimension, converted
using a Symplectic Fourier transform to symbols in the time-frequency domain and then
transmitted over a wireless channel. Standard OFDM modulators may be used to transmit
these time-frequency symbols. The OTFS reciprocal domains (delay-Doppler and time-
frequency) have a physical meaning and can be analytically formulated with reasonable
complexity. However, the regularity of these reciprocal grids has restrictions such as
placement of additional reference signals in time-frequency grid for channel estimation, or
postponing parts of the signal to be transmitted to a later separate transmission. For example,
reference signal for OTFS can only be placed outside of the reciprocal grid, regularly inside
the reciprocal grid or overlaid on top of the reciprocal grid. Each one of these methods, has
drawbacks that make these solutions inefficient, more complex or with degraded performance.
[0044] Some embodiments that use the Dispersed OTFES technology discussed herein
overcome these limitations by replacing the physical delay-Doppler domain with a virtual
domain named “Spread domain”. This domain is may not be physically reciprocal to the
time-frequency domain. Constellation symbols in this domain are converted to different
symbols using an invertible transform and placed on non-regular resources in the time-
frequency grid.
[0045] FIG. 1 shows an example communication network 100 in which the disclosed
technologies can be implemented. The network 100 may include a base station transmitter
that transmits wireless signals s(t) (downlink signals) to one or more receivers 102, the
received signal being denoted as r(t), which may be located in a variety of locations,
including inside or outside a building and in a moving vehicle. The receivers may transmit
uplink transmissions to the base station, typically located near the wireless transmitter. The
technology described herein may be implemented at a receiver 102, or in the base station.
[0046] FIG. 2 is a flowchart representation of an example wireless communication
method 200. The method 200 may be implemented by a wireless transmission apparatus such

as a base station or an UE.
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[0047] At 202, source data bits are modulated into a number Nd of constellation
symbols. For example, in some embodiments, the modulating the source data bits includes
modulating the source data bits using a multi-layer coding technique in which different
constellation bits of a symbol are encoded separately. In some embodiments, the number Nd
of constellation symbols are constructed from interleaved coded bits. Additional
embodiments are described with respect to FIGs. 4 to 16, as further described throughout the
present document.

[0048] At 204, an invertible transform is applied to the constellation symbols, resulting
in mapping the transformed symbols into Nd elements in a time-frequency grid. As
described with respect to FIGs. 4 to 16, in some embodiments, the mapping in the time-
frequency grid includes a partial time-frequency grid. In some embodiments, the mapping
may include mapping to a full time-frequency grid. For example, the time frequency grid
may be a continuous grid along both dimensions. In some embodiments, the time-frequency
grid may be non-continuous grid.

[0049] As described in the present document, the transform and mapping may result in
spreading a given constellation symbol across multiple locations along the time-frequency
grid. For example, the multiple locations may be non-contiguous along the time-frequency
grid.

[0050] At 206, a signal resulting from the invertible transform is transmitted over a
communication channel. For transmission, the signal may be generated by inserting a
reference signal along the time-frequency grid at locations unoccupied by the transformed
symbols. In some embodiments, the signal may be generated by inserting additional data
along the time-frequency grid at locations unoccupied by the transformed symbols. As
further described in this document, the invertible transform may be a symplectic Fourier

transform or a multi-dimensional Fourier transform, or a permutation transform.

[0051] Several additional embodiments of the method 200 are described in the present
document.
[0052] FIG. 3 is a flowchart of a wireless communications method 300. The method 300

may be implemented by a wireless communications receiver apparatus such as a base station
ora UE.

[0053] The method 300 includes, at 302, receiving a signal comprising a logical
grouping of Nd symbols arranged in a time-frequency grid.

[0054] The method 300 includes, at 304, generating equalized symbols by equalizing

the signal by estimating a channel over which the signal is received.
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[0055] The method 300 includes, at 306, transforming the equalized symbols using an
invertible transform into Nd estimated received symbol constellations.

[0056] The method 300 includes, at 308, recovering source data bits from the Nd
estimated received symbol constellations. Various other features of the method 300 are
described with respect to the transmission side method 200 and further described with
reference to FIGs. 4 to 16.

[0057] A. Example embodiments of dispersed OTFS modulated signals

[0058] Orthogonal Time Frequency and Space (OTFES), further described in the present
document, is a technique for generating waveforms which can extract the diversity of a
wireless channel and achieve its capacity.

[0059] In some embodiments, encoded bits are mapped to constellation symbols (such
as QAM symbols), which are assigned to a rectangular grid corresponding to a delay-Doppler
domain (see FIG. 4). This grid is transformed to an equivalent Time-Frequency grid with an
Inverse Symplectic Fourier transform. This Time-Frequency grid may be used as an input to
a standard OFDM modulator to transmit the waveform signal over a wireless channel. The
Time-Frequency grid depicted in FIG. 4 may represent only a portion of a larger Time-
Frequency grid, corresponding to a specific user’s data. Delay-Doppler domain are
represented by T and v variables, and time-frequency are denoted by T and F axis in FIGs. 4
to 16.

[0060] The transfer function of the wireless channel is typically unknown and in the
presence of moving reflectors (Doppler) is also changing in time. The receiver estimates the
channel and then equalize the received signal before decoding it. A common method uses
known Reference Signals (RS), which are added to the information-bearing transmitted signal.
The receiver uses these RS to estimate the channel and then equalize the information-bearing
signal with this channel estimation. These methods are both related to single and multiple
antenna systems (SISO/MIMO).

[0061] The design of the RS is generally known to one of skill in the art. Some
embodiments may use signals (also referred to as pilots) that are designed in the delay-
Doppler domain or in the Time-Frequency domain. The RS may or may not be orthogonal to
the information-bearing signal.

[0062] FIG. 4 shows an OTFS waveform generation example. A grid of 4x8 QAM

symbols in the delay(t)-Doppler(v) domain is converted using the Inverse Symplectic
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Fourier transform (SFFT-!) to the Time(T)-Frequency(F) domain and used as an input to an
OFDM modulator.

[0063] B. Multiplexing OTFS Data and RS

[0064] This section describes, among other things, embodiments for multiplexing
orthogonal RS with OTFS data. In some embodiments, specific locations on the Time-
Frequency grid are assigned to RS (typically in a density that will allow a sufficient quality of
channel estimation). The other locations of that grid are assigned to data symbols, which
originate from transformed delay-Doppler grid(s) that are mapped to these locations. The size
of the delay-Doppler grid(s) matches the size of the data symbols.

[0065] FIG. 5 illustrates an example of such multiplexing, where each row (slice along
time) contains one RS and three data symbols. Data symbols, arranged as matrix S3xg

(Table 1) in the delay-Doppler domain are transformed to matrix Sgy; (Table 2) in the Time-
Frequency domain. These symbols are multiplexed with RS signals, as shown in Table 3 and
used as an input to an OFDM modulator

Table 1: Symbol mapping example in the delay-Doppler domain

s(1,1) | s(1,2) |s(1,3) |s(1,4) |[s(1,5) |s(1,6) |s(1,7) s(1,8)
s2,1) [s(2,2) |s(2,3) |s(24) |[s(2,5 |s(2,6) |s(2,7) s(2,8)
s(3,1) |s(3.2) [s(3.3) [s(34) |s35 [s(3.6) |s3.7 s(3.8)

[0066] Table 2 shows Symbols mapping example in the Time-Frequency domain.
S(1,1) | S(1,2) | S(1,3)
S22, 1) | S(2,2) | S(2,3)
S(3,1) |S3.2) |[S3.3)
S4,1) | S4,2) | S4.,3)
S(5,1) |S5.2) | S(5.3)
S(6,1) | S(6,2) | S(6,3)
S(7,1) | S(7,2) | S(7,3)
S(8,1) |S(8,2) |S(8.3)

[0067] Table 3 shows Time-Frequency multiplexing example of data and RS.
' S(1,3)
S(2,3)
S(3,3)
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[0068] Different multiplexing schemes between RS and data may require more than one

grid in the delay-Doppler domain, as illustrated in the example of FIG. 6. The Time-

Frequency data symbols consist of two orthogonal grids, one of size 4x3 (which has RS in its

rows) and one of size 4x4 (which does not have any RS). Data symbols, arranged as two

matrices Szx4 and z;«4 (Table 4) in the delay-Doppler domain are transformed to two

matrices S,z and Z,,,4 (Table 5) in the Time-Frequency domain. These symbols are

multiplexed with RS signals, as shown in Table 6 and used as an input to an OFDM

modulator.

[0069] Table 4A shows a first example of the 3x4 s-matrix.

s(1,1) | s(1,2) |s(1,3) |s(1,4)
s2,1) [s(2,2) |s(2,3) |s(24
s(3,1) |s3.2) [s(3.3) |s(3.4)

[0070] Table 4B shows an example of the 4x4 z-matrix.

z(1,1) | z(1,2) | z(1,3) |z(1,4)
z2,1) | #(22) | z2,3) |z(2,4)
z(3,1) |z32) |z3.3) |z3.4)
z4,1) | z4,2) | z4,3) |z(4.4)

[0071] Table 5A shows a 4x3 example of the s-matrix.

S(1,1) | S(1,2) | S(L,3)
S(2,1) S22 |S(2.3)
S(3,1) |S3.2) |[S3.3)
S4,1) |S@4.2) |S4.3)

[0072] Table 5B shows a 4x4 example of the z-matrix.

Z(1,1)

7(1,2)

Z(1,3)

Z(1,3)
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Z2,1) | Z(2,2) |Z(2,3) | Z(2,3)
Z(3,1) |Z3.2) |Z(3.,3) |Z3.)3)
Z4,1) | Z42) |Z4.3) | Z4,3)

[0073] Table 6 shows an example of time-frequency multiplexing of data and RS for

multiple grids.

S(1,2) [ S(1,3)
Z00) [z(a2 |Za3 |zi4
S2,1) S(2.3)
z2,) |z22) |z23) |z24
: S3,2) |S(3.3)
Z3.) |Z32) 233 |z3.4)
S(4,1) S(4,3)
Z@&) |Z@42) |z43) |zd4

[0074] In some embodiments, the mapping to Time-Frequency resource does not have
to be continuous in either dimension. As an example, to support user multiplexing along
frequency, the selected resources for data symbols may not be continuous. FIG. 7 shows an
example of such mapping, where data symbols of two users (black and grey circles for user 1
and user 2) are multiplexed in the Time-Frequency grid

[0075] FIG. 7 shows Multiple delay-Doppler grids and multiple users example. RS are
represented with white circles and data for two different users with black circles and grey
circles (user 1, user 2).

[0076] FIG. 8 shows an example of non-continuous mapping along time. FIG. 8 shows
Non-continuous grid allocation along time. In this example, different Time-Frequency grid
elements are transmitted at different times. This type of allocation may be used for
postponing some of the user’s Time-Frequency elements to a later transmission in case a
higher priority user (grey circles) is using these resources.

[0077] In the example of FIG. 9 it is also possible to combine the two separated grids
into a single 7x4 grid, as shown in FIG. 9. However, this grid is no longer directly related to
the physical dimensions of delay and Doppler.

[0078] Without losing diversity, it is also possible to arrange the data symbols as a

single dimension vector that does not correspond directly to the delay-Doppler domain. A
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Fourier transform (FFT) may be applied to these symbols before they are mapped to data
resources in the Time-Frequency domain. Similarly, to the example of FIG. 9, it is possible to
generate all the Time-Frequency data symbols, using a single dimension FFT operating on a
vector of 28 QAM symbols, as shown in FIG. 10. Denoting the data symbols vector after the
FFT as S, Table 7 shows an example for mapping data symbols and RS. However, any other

mapping may also be applied.

Table 7
S(2) S(3)
S@  [SG) S(6) S(7)

S®) | SO S(10)
S(ID |S(2) [S(13) [s(14)
| S(16) | S(17)
S(18) [S(19) [s20) | sen
S(22) |S(23) S(24)
S(25 |S@6) |S@7) |[S(28)

[0079] C. Example Receiver Structure for Dispersed OTFS

[0080] A receiver for Dispersed OTFS may include a channel estimation module, an
Equalizer, domain transformations and a decoder.

[0081] Example implementations of such a receiver, are shown in FIG. 11 and FIG. 12,
and consist of a linear equalizer, which may implement a Minimum Mean Square Error
(MMSE) function. After OFDM demodulation, the RS are extracted from the Time-
Frequency grid and used for estimating the channel. Then, data symbols are extracted from
the Time-Frequency grid and equalized using this channel estimation. The Symplectic
Fourier transform (SFFT) is applied to one or more grids and the transformed symbols are
demapped and decoded. For the case of FIG. 12, the grid is no longer related directly to the
physical dimensions of delay and Doppler.

[0082] In particular, FIG. 11 shows a receiver implementation example with a linear

equalizer and two grids.

[0083] FIG. 12 shows a receiver implementation example with a linear equalizer and a
single grid.
[0084] Some implementations may include an iterative receiver, further described herein,

as shown in FIG. 13 and FIG. 14. In these implementations, the equalizer also uses a priori

10



WO 2018/191309 PCT/US2018/026971

information from the decoder. The Demapper generates extrinsic information to the decoder
and the Mapper generates extrinsic information to the equalizer. Both inverse and non-
inverse Symplectic transforms are used for domain conversion. For the case of FIG. 14, the
grid is no longer related directly to the physical dimensions of delay and Doppler.

[0085] In particular, FIG. 13 shows an iterative receiver implementation example with
multiple grids. From left to right, an OFDM demodulator receives signal. A channel
estimation stage is used for estimating the channel (time-frequency or delay-Doppler). An
equalizer is used to equalize the channel impairments based on the estimated channel from
channel estimation. The equalizer may use feedback from decoded signals that are
transformed back to delay-Doppler domain. The output of equalizer is transformed using
SFFT into delay Doppler domain, and then the output is demapped and decoded to obtain bit
estimates.

[0086] FIG. 14 Iterative receiver implementation example with a single grid, that
follows a signal processing flow similar to as described with respect to FIG. 13.

[0087] In some embodiments, the 2-D Symplectic Fourier transform may be replaced by
a 1-D Fourier transform, as shown in FIG. 15 and FIG. 16 for the non-iterative and iterative
receiver implementations.

[0088] Some features as described with respect to FIGs. 1 to 16 are:

[0089] - Arrange N; encoded constellation symbols (such as QAM symbols) in an M-
dimentional grid of size n; X n, X ... X ny, where M is an integer (M = 1) and the
dimensions n; (i = 1,2, ..., M) are any positive integers that satisfy N; = [[!, n;. Transform
this grid with an inversible transform, T, and map the N, transformed elements to N
different elements in a Time-Frequency grid.

[0090] - The Time-Frequency grid may be a full grid or a partial grid, a continuous or a

non-continuous grid.

[0091] - Mapping to Time-Frequency elements does not have to be continuous in either
dimension.

[0092] - Other elements in Time-Frequency grid may be used for reference signals or
other data.

[0093] - The inversible transform may spread each symbol across all the elements of the

transformed grid.
[0094] - The inversible transform may be any form of a single or multi-dimensional

Fourier transform (standard, inverse, Symplectic, etc.). These type of transforms, convert a

11
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multiplicative channel in the Time-Frequency domain to a convolution channel in the other
domain and extract the maximum diversity for each symbol.
[0095] = The inversible transform may be a permutation transform. Some such

embodiments may correspond to interleaved-OFDM.

[0096] - The encoded constellation symbols may be derived from Multi-Layer-Coding
(MLC), where different constellation bits in each symbol are encoded separately.

[0097] - The encoded constellation symbols may be constructed from interleaved coded
bits.

[0098] D. Example Variants of Receiver Embodiments

[0099] An example embodiment may extract N; different elements from a Time-
Frequency grid and equalize them, using a channel estimation that may be derived from
reference signals in that Time-Frequency grid. Arrange the equalized symbols in an M-
dimentional grid of size ny X n, X ... X ny;, where M is an integer (M = 1) and the
dimensions n; (i = 1,2, ..., M) are any positive integers that satisfy N; = H?’il n;.
Embodiments may then transform this grid with the inverse of the transmitter’s transform,
T2, to obtain N, received constellation symbols. This may be followed by a conversion of
the received constellation symbols to bit metrics and use them for decoding and estimating of
the source data bits.

[00100] Some embodiments may perform splitting into several grids, as described in this
document.

[00101] E. Example embodiments of an Iterative Receiver

[00102] An iterative receiver, performs several iterations of the following steps: Extract
N, different elements from a Time-Frequency grid and equalize them, using a channel
estimation that may be derived from reference signals in that Time-Frequency grid, and a
priori information on these N, elements. Arrange the equalized symbols in an M-dimentional
grid of size n; X n, X ... X ny, where M is an integer (M = 1) and the dimensions n; (i =
1,2, ..., M) are any positive integers that satisfy N, = [[M, n;. Transform this grid with the
inverse of the transmitter’s transform, T™2, to obtain N, received constellation symbols.
Compute from the received constellation symbols, extrinsic bit metrics and use them for
decoding and estimating the source data bits. Generate estimations on coded bits and use
them to compute for each one of the N; constellation symbols a mean and a variance.

Arrange each one of these metrics in an M-dimentional grid of size n; X n, X ... X ny; and

12
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transform them with the transform T. Use these transformed metrics as a priori information
for the equalizer.

[00103] Some embodiments may perform splitting into several grids.

[00104] - The extrinsic bit metrics, generated for each received constellation symbol may

be decoded separately in correspondence with the transmitter’s Multi-Layer-Coding (MLC)

scheme.
[00105] - Some embodiments may perform layer by layer iterative decoding.
[00106] - The extrinsic bit metrics may be deinterleaved before decoding. The coded bits

estimations may be interleaved after decoding.

[00107] - The transform of the variance metric may be replaced by an averaging
operation.

[00108] F. Brief description of OTFS

[00109] This section provides some examples of the mathematical framework on which
OTES technology is based. OTFS is a modulation technique that modulates each information
(e.g., QAM) symbol onto one of a set of two dimensional (2D) orthogonal basis functions
that span the bandwidth and time duration of the transmission burst or packet. The
modulation basis function set is specifically derived to best represent the dynamics of the
time varying multipath channel.

[00110] OTES transforms the time-varying multipath channel into a time invariant delay-
Doppler two-dimensional convolution channel. In this way, it eliminates the difficulties in
tracking time-varying fading, for example in high speed vehicle communications.

[00111] OTES increases the coherence time of the channel by orders of magnitude. It
simplifies signaling over the channel using well studied AWGN codes over the average
channel SNR. More importantly, it enables linear scaling of throughput with the number of
antennas in moving vehicle applications due to the inherently accurate and efficient
estimation of channel state information (CSI). In addition, since the delay-doppler channel
representation is very compact, OTFES enables massive MIMO and beamforming with CSI at
the transmitter for four, eight, and more antennas in moving vehicle applications. The CSI
information needed in OTFS is a fraction of what is needed to track a time varying channel.
[00112] Orthogonal Time Frequency Space (OTFS) modulation is comprised of a
cascade of two transformations. The first transformation maps the two-dimensional plane
where the information symbols reside (and which we call the delay-Doppler plane) to the

time frequency plane. The second one transforms the time frequency domain to the waveform
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time domain where actual transmitted signal is constructed. This transform can be thought of
as a generalization of multicarrier modulation schemes.

[00113] G. The Wireless Channel, as represented for OTFS discussion

[00114] The multipath fading channel is commonly modeled in the baseband as a

convolution channel with a time varying impulse response
r(t) = fﬁ(r, t)s(t —1)dt (1}

[00115]  where s(t) and r(t) represent the complex baseband channel input and output
respectively and where £(7, t) is the complex baseband time varying channel response.
[00116] This representation, while general, does not give us insight into the behavior and
variations of the time varying impulse response. A more useful and insightful model, which is

also commonly used for Doppler multipath doubly fading channels is
r(t) = f h(t, v)e?™EDg(t — )dvdr (2}

[00117] n this representation, the received signal is a superposition of reflected copies of
the transmitted signal, where each copy is delayed by the path delay 7, frequency shifted by
the Doppler shift v and weighted by the time-invariant delay-Doppler impulse response
h(t,v) for that T and v. In addition to the intuitive nature of this representation, Eq. (2)
maintains the generality of Eq. ( 1 ). In other words it can represent complex Doppler
trajectories, like accelerating vehicles, reflectors etc. This can be seen if we express the time

varying impulse response as a Fourier expansion with respect to the time variable ¢
A0 = [ AEver™a g,z

[00118] Substituting (3 ) in (1) we obtain Eq. ( 2) after some manipulation.

[00119] An important feature revealed by these two figures is how compact the

(z,v) representation is compared to the {t,t) representation. This has important implications
for channel estimation, equalization and tracking as will be discussed later.

[00120] Notice that while h(z, v) is, in fact, time-invariant, the operation on s(t) is still
time varying, as can be seen by the effect of the explicit complex exponential function of
time in Eq. ( 2 ). The technical efforts in this paper are focused on developing a modulation
scheme based on appropriate choice of orthogonal basis functions that render the effects of
this channel truly time-invariant in the domain defined by those basis functions. Let us

motivate those efforts with a high level outline of the structure of the proposed scheme here.
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[00121] Let us consider a set of orthonormal basis functions ¢, ,,(t) indexed by 7, v

which are orthogonal to translation and modulation, i.e.,
¢‘r,v (t - TO) = ¢‘r+‘ro,v (t)

ej2ﬂvot¢‘r,v(t) = ¢‘r,v—v0 (t)
[00122] and let us consider the transmitted signal as a superposition of these basis

functions

s(t) = _Ux(f, V) ¢ (t)drdy (5

[00123] where the weights x(7, v) represent the information bearing signal to be
transmitted. After the transmitted signal of ( 5 ) goes through the time varying channel of Eq.
( 2 ) we obtain a superposition of delayed and modulated versions of the basis functions,

which due to ( 4 ) results in

r(t) = ff h(z,v)el2mvEDg(t — )dvdr

{0}

| #ev @) < xa w1

[00124] where * denotes two dimensional convolution. Eq. ( 6 ) can be thought of as a
generalization of the derivation of the convolution relationship for linear time invariant
systems, using one dimensional exponentials as basis functions. Notice that the term in
brackets can be recovered at the receiver by matched filtering against each basis function
¢.,(t). In this way a two dimensional channel relationship is established in the (z, v) domain
y(z,v) = h(t,v) = x(t,v), where y(,v) is the receiver two dimensional matched filter
output. Notice also, that in this domain the channel is described by a time invariant two-
dimensional convolution.

[00125] A final different interpretation of the wireless channel will also be useful in what
follows. Let us consider s(t) and r(t) as elements of the Hilbert space of square integrable
functions H. Then Eq. ( 2 ) can be interpreted as a linear operator on H acting on the input

s(t), parametrized by the impulse response h(t,v), and producing the output r(t)

IFYQ)] e
r = I1,(s): s@WYEH —r(t)eH b

[00126] Notice that although the operator is linear, it is not time-invariant. In the no

Doppler case, i.e., if h(v,7) = h(0,7)6(v), then Eq. ( 2 ) reduces to a time invariant

15



WO 2018/191309 PCT/US2018/026971

convolution. Also notice that while for time invariant systems the impulse response is
parameterized by one dimension, in the time varying case we have a two dimensional
impulse response. While in the time invariant case the convolution operator produces a
superposition of delays of the input s(t), (hence the parameterization is along the one
dimensional delay axis) in the time varying case we have a superposition of delay-and-
modulate operations as seen in Eq. ( 2 ) (hence the parameterization is along the two
dimensional delay and Doppler axes). This is a major difference which makes the time
varying representation non-commutative (in contrast to the convolution operation which is
commutative), and complicates the treatment of time varying systems.

[00127] The important point of Eq. ( 7)) is that the operator I1,(-) can be compactly
parametrized in a two dimensional space h(t,v), providing an efficient, time invariant
description of the channel. Typical channel delay spreads and Doppler spreads are a very
small fraction of the symbol duration and subcarrier spacing of multicarrier systems.
[00128] In the mathematics literature, the representation of time varying systems of ( 2)
and ( 7 ) is called the Heisenberg representation. It can actually be shown that every linear
operator ( 7 ) can be parameterized by some impulse response asin (2 ).

[00129] FIG. 17 provides a pictorial view of the two transformations that constitute the
OTEFS modulation. It shows at a high level the signal processing steps that are required at the
transmitter and receiver. It also includes the parameters that define each step, which will
become apparent as we further expose each step. Further, FIG. 18 shows a block diagram of
the different processing stages at the transmitter and receiver and establishes the notation that
will be used for the various signals.

[00130] H. The Heisenberg Transform

[00131] Our purpose in this section is to construct an appropriate transmit waveform
which carries information provided by symbols on a grid in the time-frequency plane. Our
intent in developing this modulation scheme is to transform the channel operation to an
equivalent operation on the time-frequency domain with two important properties:

[00132] The channel is orthogonalized on the time-frequency grid.

[00133] The channel time variation is simplified on the time-frequency grid and can be
addressed with an additional transform.

[00134] Fortunately, these goals can be accomplished with a scheme that is very close to

well-known multicarrier modulation techniques, as explained next. We will start with a
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general framework for multicarrier modulation and then give examples of OFDM and
multicarrier filter bank implementations.
[00135] Let us consider the following components of a time frequency modulation:
[00136] A lattice or grid on the time frequency plane, that is a sampling of the time axis
with sampling period T and the frequency axis with sampling period Af.
A = {(nT,mAf), n,m € 7} (8)

[00137] A packet burst with total duration NT secs and total bandwidth MAf Hz
[00138] A set of modulation symbols X[n,m],n=0,..,N—1,m=0,..,M — 1 we
wish to transmit over this burst
[00139] A transmit pulse g¢,-(t) with the property of being orthogonal to translations by
T and modulations by Af

< Ger(0), gy (¢ — nT)ef2mmArE=nT) >

- f 92 (8) gy (¢ — nT)e2mmBrE=nT) gy Y

=6(m)é(n)
[00140] Given the above components, the time-frequency modulator is a Heisenberg
operator on the lattice A, that is, it maps the two-dimensional symbols X[n.m] to a
transmitted waveform, via a superposition of delay-and-modulate operations on the pulse

waveform g,,-(t)
M/2-1 N1 (]0)
SO = Y ) X[nmlgy(t —nT)elmmarc-nn)
m=-M/2 n=0

[00141] More formally

x=Mi(g) ¢+ gw(®EH Dy eH D
[00142] where we denote by Iy (+) the “discrete” Heisenberg operator, parameterized by
discrete values X[n, m].
[00143] Notice the similarity of above equation and with the channel equation above.
This is not by coincidence, but rather because we apply a modulation effect that mimics the
channel effect, so that the end effect of the cascade of modulation and channel is more
tractable at the receiver. It is not uncommon practice; for example, linear modulation (aimed
at time invariant channels) is in its simplest form a convolution of the transmit pulse g(t)

with a delta train of QAM information symbols sampled at the Baud rate T.
s(t) = X3=5 X[n]g(t — nT) (12)
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[00144] In our case, aimed at the time varying channel, we convolve-and-modulate the
transmit pulse (c.f. the channel Eq. ( 2 )) with a two-dimensional delta train which samples
the time frequency domain at a certain Baud rate and subcarrier spacing.

[00145] The sampling rate in the time-frequency domain is related to the bandwidth and
time duration of the pulse g;-(t) namely its time-frequency localization. In order for the
orthogonality condition to hold for a frequency spacing Af, the time spacing mustbe T =
1/Af. The critical sampling case of T = 1/Af is generally not practical and refers to limiting
cases, for example to OFDM systems with cyclic prefix length equal to zero or to filter banks
with g, (t) equal to the ideal Nyquist pulse.

[00146] Some examples are as below:

[00147] Example 1: OFDM Modulation: Let us consider an OFDM system with M

subcarriers, symbol length Tyrpay, cyclic prefix length T,p and subcarrier spacing 1/Torpy-
If we substitute in Equation (10) symbol duration T = Tyrpuy + Tep, number of symbols N =
1, subcarrier spacing Af = 1/Tyrpy and g () a square window that limits the duration of
the subcarriers to the symbol length T

gtr(t)z{u\/T——Tcp, —Tep <t <T—Tep (13)

0, else

[00148] then we obtain the OFDM formula. Technically, the pulse of Eq. 3 is not
orthonormal but is orthogonal to the receive filter (where the CP samples are discarded) as

we will see shortly.
M/2-1
X = ) X[nmlge(Demm (14)
m=-M/2

[00149] Example 2: Single Carrier Modulation: Equation (3) reduces to single carrier
modulation if we substitute M = 1 subcarrier, T equal to the Baud period and g,-(t) equal to
a square root raised cosine Nyquist pulse.

[00150] Example 3: Multicarrier Filter Banks (MCFB): Equation (3) describes a MCFB

if g¢-(t) is a square root raised cosine Nyquist pulse with excess bandwith a, T is equal to
the Baud period and Af = (1 + a)/T.

[00151] Expressing the modulation operation as a Heisenberg transform as in Eq. (4) may
be counterintuitive. We usually think of modulation as a transformation of the modulation
symbols X[m, n] to a transmit waveform s(t). The Heisenberg transform instead, uses

X[m, n] as weights/parameters of an operator that produces s(t) when applied to the

prototype transmit filter response g;,-(t) —c.f. Eq. (4). While counterintuitive, this
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formulation is useful in pursuing an abstraction of the modulation-channel-demodulation
cascade effects in a two dimensional domain where the channel can be described as time
invariant.

[00152] We next turn our attention to the processing on the receiver side needed to go
back from the waveform domain to the time-frequency domain. Since the received signal has
undergone the cascade of two Heisenberg transforms (one by the modulation effect and one
by the channel effect), it is natural to inquire what the end-to-end effect of this cascade is.
The answer to this question is given by the following result:

[00153] Proposition 1: Let two Heisenberg transforms be parametrized by impulse

responses h,(7,v), h,(7,v) and be applied in cascade to a waveform g(t) € H. Then

My, (T, (9(6)) = (g () (15)
[00154] where h(t,v) = h,(t,v) ® h,(t,v) is the “twisted” convolution of h,(z,v),

h,(t,v) defined by the following convolve-and-modulate operation
h(z,v) = f R, (' vy (z — T/, v — v))el2mV' =Tt gr' gy (16)

[00155] Applying the above result to the cascade of the modulation and channel
Heisenberg transforms, we can show that the received signal is given by the Heisenberg

transform

r(t) = (ge (D) +v(0) = f f@v)e™EDg, (t — Dydvdr +v(t)  (17)

[00156] where v(t) is additive noise and f(t,v), the impulse response of the combined
transform, is given by the twisted convolution of X[n, m] and h(z,v)
f(r,v) = h(z,v) ©X[n,m] (18)
M/2-1 N-1

= Z Z X[n,mlh(z —nT,v — mAf)eJ'Zn(v—mAf)nT
m=-M/2n=0

[00157] This result can be considered an extension of the single carrier modulation case,
where the received signal through a time invariant channel is given by the convolution of the
QAM symbols with a composite pulse, that pulse being the convolution of the transmitter
pulse and the channel impulse response.

[00158] With this result established we are ready to examine the receiver processing steps.
[00159] I. Receiver Processing and the Wigner Transform

[00160] Typical communication system design dictates that the receiver performs a

matched filtering operation, taking the inner product of the received waveform with the
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transmitter pulse, appropriately delayed or otherwise distorted by the channel. In our case, we
have used a collection of delayed and modulated transmit pulses, and we need to perform a
matched filter on each one of them. FIG. 19 provides a conceptual view of this processing.
On the transmitter, we modulate a set of M subcarriers for each symbol we transmit, while on
the receiver we perform matched filtering on each of those subcarrier pulses. We define a
receiver pulse g,-(t) and take the inner product with a collection of delayed and modulated
versions of it. The receiver pulse g,-(t) is in many cases identical to the transmitter pulse, but
we keep the separate notation to cover some cases where it is not (most notably in OFDM
where the CP samples have to be discarded).

[00161] While this approach will yield the sufficient statistics for data detection in the
case of an ideal channel, a concern can be raised here for the case of non-ideal channel effects.
In this case, the sufficient statistics for symbol detection are obtained by matched filtering
with the channel-distorted, information-carrying pulses (assuming that the additive noise is
white and Gaussian). In many well designed multicarrier systems however (e.g., OFDM and
MCEFB), the channel distorted version of each subcarrier signal is only a scalar version of the
transmitted signal, allowing for a matched filter design that is independent of the channel and
uses the original transmitted subcarrier pulse. We will make these statements more precise
shortly and examine the required conditions for this to be true.

[00162] FIG. 19 is only a conceptual illustration and does not point to the actual
implementation of the receiver. Typically, this matched filtering is implemented in the digital
domain using an FFT or a polyphase transform for OFDM and MCFB respectively. In this
paper we are rather more interested in the theoretical understanding of this modulation. To
this end, we will consider a generalization of this matched filtering by taking the inner
product < g, (t — 1)e/?™ =D r(t) > of the received waveform with the delayed and
modulated versions of the receiver pulse for arbitrary time and frequency offset (z,v). While
this is not a practical implementation, it allows us to view the operations as a two

dimensional sampling of this more general inner product.
Let us define the inner product
Ag +(T,v) =< g, (t — D)™ ED r(t) > = f gr(t —De P EDr(dt U

[00163] The function Ay, ,-(z,v) is known as the cross-ambiguity function in the radar

and math communities and yields the matched filter output if sampled at T = nT, v = mAf

(on the lattice A), i.e.,
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Y[nm] = Ay (T, V)|emnrv=mar 120
[00164] In the math community, the ambiguity function is related to the inverse of the
Heisenberg transform, namely the Wigner transform. FIG. 19 provides an intuitive feel for
that, as the receiver appears to invert the operations of the transmitter.
[00165] The key question here is what the relationship is between the matched filter
output Y[n, m] (or more generally Y (z,v)) and the transmitter input X [n, m]. We have
already established that the input to the matched filter r (£) can be expressed as a Heisenberg
representation with impulse response f (7, v) (plus noise). The output of the matched filter
then has two contributions
Y(r,v) =4, ,(z,v) = Ag, M p(ger) +v] (r,v) = Ag, 114(ger) (r,v) + 44 (1, V) (21
[00166] The last term is the contribution of noise, which we will denote V (z,v) =
Ag, v (t,v). The first term on the right hand side is the matched filter output to the (noiseless)
input comprising of a superposition of delayed and modulated versions of the transmit pulse.
We next establish that this term can be expressed as the twisted convolution of the two
dimensional impulse response f(z,v) with the cross-ambiguity function (or two dimensional
cross correlation) of the transmit and receive pulses.
[00167] The following theorem summarizes the key result.
[00168] Theorem 1: (Fundamental time-frequency domain channel equation). If the

received signal can be expressed as

[ (ger (0)) = f f(z, V)ejzm(t_r)gtr(t — 1)dvdr {22

[00169] Then the cross-ambiguity of that signal with the receive pulse g¢-(t) can be

expressed as

Agetipgen(&V) = f(1,v) O Ag, 4. (1,v)

[00170] Recall from ( 18 ) that f (7,v) = h(t,v) ©X[n, m], that is, the composite
impulse response is itself a twisted convolution of the channel response and the modulation
sumbols.

[00171] Substituting f(z,v) from ( 18 ) into ( 21 ) we obtain the end-to-end channel

description in the time frequency domain

Y(r,v) = Ay 11, (g, (@ V) +V(T,v) (24
=h(r,v) O X[n,m] © Ay, 4, (T,v) +V(z,v)
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[00172] where V (t,v) is the additive noise term. Eq. ( 24 ) provides an abstraction of the
time varying channel on the time-frequency plane. It states that the matched filter output at
any time and frequency point (7, v) is given by the delay-Doppler impulse response of the
channel twist-convolved with the impulse response of the modulation operator twist-
convolved with the cross-ambiguity (or two dimensional cross correlation) function of the
transmit and receive pulses.

[00173] Evaluating Eq. ( 24 ) on the lattice A we obtain the matched filter output

modulation symbol estimates

X[mn] =Y[n,m]=Y(s, v)| {25

T=nT,v=mAf

[00174] In order to get more intuition on Equations ( 24 ), ( 25 ) let us first consider the
case of an ideal channel, i.e., h(z,v) = 6(t)S(v). In this case by direct substitution we get
the convolution relationship
M/2-1 N-1

Y[n,m] = Z Z X[n',m']Agr_gtr((n —-n)T,(m— m')Af) +V[m,n]

m'=—M/2n'=0
[00175] In order to simplify Eq. ( 26 ) we will use the orthogonality properties of the
ambiguity function. Since we use a different transmit and receive pulses we will modify the
orthogonality condition on the design of the transmit pulse we stated in ( 9 ) to a bi-
orthogonality condition

< g (0), g, (t — nT)ejZTL'mAf(t—TLT) >

. 27}
= [ 46, —nmyermmareny
= §(m)é(n)
[00176] Under this condition, only one term survives in ( 26 ) and we obtain
Y[n,m] = X[n,m] + V[n,m] (28;

[00177] where V[n, m] is the additive white noise. Eq. ( 28 ) shows that the matched
filter output does recover the transmitted symbols (plus noise) under ideal channel conditions.
Of more interest of course is the case of non-ideal time varying channel effects. We next
show that even in this case, the channel orthogonalization is maintained (no intersymbol or
intercarrier interference), while the channel complex gain distortion has a closed form
expression.

[00178] The following theorem summarizes the result as a generalization of ( 28 ).
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[00179] Theorem 2: (End-to-end time-frequency domain channel equation):
[00180] If h(z,v) has finite support bounded by (Tpqx, Vinax) and if A5 4. (z7,v) = 0 for
T € (T — T, T + Tinax ), V € (IMAf — Vipgn, MAS + Vg ), that is, the ambiguity
function bi-orthogonality property of ( 27 ) is true in a neighborhood of each grid point
(mAf,nT) of the lattice A at least as large as the support of the channel response h(z,v),
then the following equation holds
Y[n, m] = H[n, m]X[n, m]
{26}
H[n,m] = f h(t,v)el2mvnT g =j2m(v+mAf)T gy, 7

[00181] If the ambiguity function is only approximately bi-orthogonal in the
neighborhood of A (by continuity), then ( 29 } is only approximately troe.
[00182] Hqg. (29 ) is a fundamental equation that describes the channel behavior in the
time-frequency domain. It is the basis for understanding the nature of the channel and its
variations along the tme and frequency dimensions.
[00183] Some observations are now in order on Eq. ( 29 ). As mentioned before, there is
no interference across X[n, m] in either time n or frequency m.
[00184] The end-to-end channel distortion in the modulation domain is a (complex)
scalar that needs to be equalized
[00185] If there is no Doppler, i.e. h(zt,v) = h(t, 0)6(v), then Eq. {23} becomes

Y[n,m] = X[n, m] f h(t, 0)e /2mmAfT 4
(303

= X[n,m]H (0, mAf)

[00186] which is the well-known multicarrier result, that each subcarrier symbol is
multiplied by the frequency response of the time invariant channel evaluated at the frequency
of that subcarrier.

[00187] If there is no multipath, i.e. h(t,v) = h(0,v)5(7), then Eq. (23) becomes

Y[n,m] = X[n,m] f h(v, 0)e/?2™"T g (373

[00188] Notice that the fading each subcarrier experiences as a function of time nT has a
complicated expression as a weighted superposition of exponentials. This is a major
complication in the design of wireless systems with mobility like LTE; it necessitates the
transmission of pilots and the continuous tracking of the channel, which becomes more

difficult the higher the vehicle speed or Doppler bandwidth is.
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[00189] Example 3: (OFDM modulation). In this case the fundamental transmit pulse is

given by ( 13 ) and the fundamental receive pulse is

0 ~Tep <t <0
1
t)=x\———— 0<t<T-—T, 132
gr() \/T——TCP cP
0 else

[00190] i.e., the receiver zeroes out the CP samples and applies a square window to the
symbols comprising the OFDM symbol. It is worth noting that in this case, the bi-
orthogonality property holds exactly along the time dimension.

[00191] Example 4: (MCFB modulation). In the case of multicarrier filter banks g.(t) =
g-(t) = g(t). There are several designs for the fundamental pulse g(t). A square root raised
cosine pulse provides good localization along the frequency dimension at the expense of less
localization along the time dimension. If T is much larger than the support of the channel in
the time dimension, then each subchannel sees a flat channel and the bi-orthogonality
property holds approximately.

[00192] In summary, in this section we described the one of the two transforms that
define OTFS. We explained how the transmitter and receiver apply appropriate operators on
the fundamental transmit and receive pulses and orthogonalize the channel according to Eq.
(29 ). We further saw via examples how the choice of the fundamental pulse affect the time
and frequency localization of the transmitted modulation symbols and the quality of the
channel orthogonalization that is achieved. However, Eq. ( 29 ) shows that the channel in this
domain, while free of intersymbol interference, suffers from fading across both the time and
the frequency dimensions via a complicated superposition of linear phase factors.

[00193] In the next section we will start from Eq. ( 29 ) and describe the second
transform that defines OTFS; we will show how that transform defines an information
domain where the channel does not fade in either dimension.

[00194] J. The 2D OTFS Transform

[00195] Notice that the time-frequency response H[n, m] in ( 29 ) is related to the
channel delay-Doppler response h(t,v) by an expression that resembles a Fourier transform.
However, there are two important differences: (i) the transform is two dimensional (along
delay and Doppler) and (ii) the exponentials defining the transforms for the two dimensions
have opposing signs. Despite these difficulties, Eq. ( 29 ) points in the direction of using

complex exponentials as basis functions on which to modulate the information symbols; and
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only transmit on the time-frequency domain the superposition of those modulated complex
exponential bases. This is the approach we will pursue in this section.

[00196] This is akin to the SC-FDMA modulation scheme, where in the frequency
domain we transmit a superposition of modulated exponentials (the output of the DFT
preprocessing block). The reason we pursue this direction is to exploit Fourier transform
properties and translate a multiplicative channel in one Fourier domain to a convolution
channel in the other Fourier domain.

[00197] Given the difficulties of Eq. ( 29 ) mentioned above we need to develop a
suitable version of Fourier transform and associated sampling theory results. Let us start with
the following definitions:

[00198] Definition 1: Symplectic Discrete Fourier Transform: Given a square summable

two dimensional sequence X[m,n] € C(A) we define

x(T,v) = Z X[n, m]e/2mvnT—TmAf)

mn (33)

2 SDFT(X[n,m])
[00199] Notice that the above 2D Fourier transform (known as the Symplectic Discrete
Fourier Transform in the math community) differs from the more well known Cartesian
Fourier transform in that the exponential functions across each of the two dimensions have
opposing signs. This is necessary in this case, as it matches the behavior of the channel
equation.
[00200] Further notice that the resulting x(z, v) is periodic with periods (1/Af,1/T) .
This transform defines a new two dimensional plane, which we will call the delay-Doppler
plane, and which can represent a max delay of 1/Af and a max Doppler of 1/T. A one
dimensional periodic function is also called a function on a circle, while a 2D periodic
function is called a function on a torus (or donut). In this case x(t,v) is defined on a torus Z
with circumferences (dimensions) (1/Af,1/T).
[00201] The periodicity of x(t, v) (or sampling rate of the time-frequency plane) also

defines a lattice on the delay-Doppler plane, which we will call the reciprocal lattice

Al={<m$,n%>, n,mEZ} (34)

[00202] The points on the reciprocal lattice have the property of making the exponent in
(33), an integer multiple of 2.

[00203] The inverse transform is given by:
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1
X[n,m]=z

1
T
f x(r, v)ejZTr(vnT—rmAf) dvdt (35)

> S~ Ean

0
SDFT 1(x(z,v))

[00204] where ¢ = TAf.

[00205] We next define a sampled version of x(z,v). In particular, we wish to take M
samples on the delay dimension (spaced at 1/MAf) and N samples on the Doppler dimension

(spaced at 1/NT). More formally we define a denser version of the reciprocal lattice

A = {(mMLAf’nN_lT» n,meE Z} (36)

[00206] So that At € Aé. We define discrete periodic functions on this dense lattice with
period (1/Af,1/T), or equivalently we define functions on a discrete torus with these

dimensions

1 1
Z(%:{(mM—Af,nﬁ), m=0,...,M—1, Tl=0,...N—1,} (37)

[00207] These functions are related via Fourier transform relationships to discrete
periodic functions on the lattice A, or equivalently, functions on the discrete torus

Zy = {(nT, mAf), m=0,.,M-1, n=0..N—-1} (38)
[00208] We wish to develop an expression for sampling Eq. ( 33 ) on the lattice of ( 37).
First, we start with the following definition.

[00209] Definition 2: Symplectic Finite Fourier Transform: If X, [k, [] is periodic with

period (N, M), then we define

M
N-17Z 1

x,[m,n] = Z Z X, [k, L] "D
p 4 pL™

k=0 ,__M

2

(39)

2 SFFT(X[k,1])
[00210] Notice that x,,[m, n] is also periodic with period [M, N] or equivalently, it is
defined on the discrete torus Zg . Formally, the SFFT (X [n, m]) is a linear transformation
from C(Zy) - C(Zy).
[00211] Let us now consider generating x,, [m, n] as a sampled version of ( 33 ), i.e.,

xp[m,n] = x[m,n] = x(z,v) |T:MLA]"V:%. Then we can show that ( 39 ) still holds where

Xp[m,n] is a periodization of X[n, m] with period (N, M)
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X,[n,m] = Z X[n —kN,m — IM] (40)
lLk=—0c0

[00212] This is similar to the well-known result that sampling in one Fourier domain
creates aliasing in the other domain.
[00213] The inverse discrete (symplectic) Fourier transform is given by
Xp[n,m] = M_lNz x[1, k]ejzn(%k_mﬁl)
Lk (41)
2 SFFT1(x[L k])
[00214] wherel =0,..,M — 1,k =0,...,N — 1. If the support of X[n, m] is time-
frequency limited to Z, (no aliasing in ( 40 ) ), then X, [n, m] = X[n, m] for n,m € Z,, and
the inverse transform ( 41 ) recovers the original signal.
[00215] In the math community, the SDFT is called “discrete” because it represents a
signal using a discrete set of exponentials, while the SFFT is called “finite” because it
represents a signal using a finite set of exponentials.
[00216] Arguably the most important property of the symplectic Fourier transform is that
it transforms a multiplicative channel effect in one domain to a circular convolution effect in
the transformed domain. This is summarized in the following proposition:
[00217] Proposition 2: Let X;[n, m] € C(Z,), X,[n, m] € C(Z,) be periodic 2D
sequences. Then
SFET(X{[n,m] * X,[n,m]) = SFFT(X,[n,m]) - SFFT(X;[n,m]) (42)
[00218] where * denotes two dimensional circular convolution.
[00219] With this framework established we are ready to define the OTFS modulation.
[00220] Discrete OTFS modulation: Consider a set of NM QAM information symbols
arranged on a 2D grid x[[, k], k =0,..,N—1,1 =0, ..., M — 1 we wish to transmit. We will
consider x[[, k] to be two dimensional periodic with period [N, M]. Further, assume a
multicarrier modulation system defined by
[00221] A lattice on the time frequency plane, that is a sampling of the time axis with
sampling period T and the frequency axis with sampling period Af (c.f. Eq. ( 8)).
[00222] A packet burst with total duration NT secs and total bandwidth MAf Hz.
[00223]  Transmit and receive pulses g, (t), g (t) € L,(R) satisfying the bi-
orthogonality property of (27 ).
[00224] A transmit windowing square summable function W,,.[n, m] € C(A) multiplying

the modulation symbols in the time-frequency domain
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[00225] A set of modulation symbols X[n,m],n=0,..,N—1,m=0,..,M — 1 related

to the information symbols x [k, [] by a set of basis functions by, ;[n, m]
N-1M-1

1
X[n,m] = WW” [, m] kZO ; x[l, k] by [n, m]

nk

b, m] = &/ ) (43)
[00226] where the basis functions by ;[n, m] are related to the inverse symplectic Fourier
transform (c.f., Eq. (41)).
[00227] Given the above components, we define the discrete OTFS modulation via the
following two steps

X[n,m] = We.[n,m] SFFT Y(x[k,1])

s(t) = lx (g (1))

[00228] The first equation in ( 44 ) describes the OTFS transform, which combines an

(44)

inverse symplectic transform with a widowing operation. The second equation describes the
transmission of the modulation symbols X[n, m] via a Heisenberg transform of g, (t)
parameterized by X[n, m]. More explicit formulas for the modulation steps are given by
Equations (41 ) and ( 10).

[00229] While the expression of the OTFS modulation via the symplectic Fourier
transform reveals important properties, it is easier to understand the modulation via Eq. ( 43 ),
that is, transmitting each information symbol x[k, [] by modulating a 2D basis function

by ;[n, m] on the time-frequency plane.

[00230] Discrete OTFS demodulation: Let us assume that the transmitted signal s(t)
undergoes channel distortion according to ( 7)), ( 2 ) yielding r(t) at the receiver. Further, let
the receiver employ a receive windowing square summable function W,.[n, m]. Then, the
demodulation operation consists of the following steps:

[00231] Matched filtering with the receive pulse, or more formally, evaluating the
ambiguity function on A (Wigner transform) to obtain estimates of the time-frequency

modulation symbols

Y[n,m] = A4, ,(T,v)| (45)

T=nT,v=mAf

[00232] windowing and periodization of Y[n, m|

Y[, m] = W, [n, m]Y[n, m] (46)
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Yy[n,m] = Z Yi[n— kN, m — IM]
kl=—c0

[00233] and applying the symplectic Fourier transform on the periodic sequence Y, [n, m]
X[l k] =y[l,k] = SFFT(Y,[n,m]) (47)
[00234] The first step of the demodulation operation can be interpreted as a matched
filtering operation on the time-frequency domain as we discussed earlier. The second step is
there to ensure that the input to the SFFT is a periodic sequence. If the trivial window is used,
this step can be skipped. The third step can also be interpreted as a projection of the time-

frequency modulation symbols on the orthogonal basis functions
M-1N-1

R[L k] = Z Z X(n,m) by, (n,m) y
m=0n=0 ( )

jmm ks
Z,l(n; m) =e J L K

[00235] The discrete OTFS modulation defined above points to efficient implementation
via discrete-and-periodic FFT type processing. However, it does not provide insight into the
time and bandwidth resolution of these operations in the context of two dimensional Fourier
sampling theory. We next introduce the continouse OTFS modulation and relate the more
practical discrete OTFS as a sampled version of the continuous modulation.
[00236] Continuous OTFS modulation: Consider a two dimensional periodic function
x(t,v) with period [1/Af, 1/T] we wish to transmit; the choice of the period may seem
arbitrary at this point, but it will become clear after the discussion in the next section. Further,
assume a multicarrier modulation system defined by
[00237] A lattice on the time frequency plane, that is a sampling of the time axis with
sampling period T and the frequency axis with sampling period Af (c.f. Eq. (8)).
[00238]  Transmit and receive pulses g;-(t), ge- () € L, (R) satisfying the bi-
orthogonality property of (27 ).
[00239] A transmit windowing function W;,.[n, m] € C(A) multiplying the modulation
symbols in the time-frequency domain
[00240] Given the above components, we define the continuous OTFS modulation via the
following two steps

X[n,m] = Wy [n,m] SDFT ~(x(z,v))

(49)
s(t) = Ix(ger (1))
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[00241] The first equation describes the inverse discrete time-frequency symplectic
Fourier transform [c.f. Eq. ( 35 )] and the windowing function, while the second equation
describes the transmission of the modulation symbols via a Heisenberg transform [c.f. Eq.
(10)].

[00242] Continuous OTFS demodulation: Let us assume that the transmitted signal
s(t) undergoes channel distortion according to ( 7 ), ( 2 ) yielding r(t) at the receiver.
Further, let the receiver employ a receive windowing function W,.[n, m] € C(A). Then, the
demodulation operation consists of two steps:

[00243] Evaluating the ambiguity function on A (Wigner transform) to obtain estimates

of the time-frequency modulation symbols

Y[n,m] =4, ,(t,v)| (50)

T=nT,v=mAf

[00244] Windowing and applying the symplectic Fourier transform on the modulation
symbols
%(z,v) = SDFT (W, [n,m]Y[n, m]) (51)

[00245] Notice thatin ( 50 ), ( 51) there is no periodization of Y [n, m], since the SDFT is
defined on aperiodic square summable sequences. The periodization step needed in discrete
OTES can be understood as follows. Suppose we wish to recover the transmitted information
symbols by performing a continuous OTFS demodulation and then sampling on the delay-
Doppler grid

(k) =2, v)|,_m ,_n (52)

— V=

MAf” TNT
[00246] Since performing a continuous symplectic Fourier transform is not practical we
consider whether the same result can be obtained using SFFT. The answer is that SEFFT
processing will produce exactly the samples we are looking for if the input sequence is first
periodized (aliased) — see also ( 39 ) (40).
[00247] K. Iterative 2D equalization of OTFS signals
[00248] A 2-D equalizer may be used to extract data bits that are modulated on symbols
received via OTFS modulation. The iterative equalization techniques described herein could
be implemented with the dispersed OTFS receiver implementations described throughout the
present document.
[00249] K.1 Brief Introduction
[00250] A system with N transmit antennas and M receives antennas, is used to pass

information over a multipath channel. Information bits, b, are encoded into coded bits, c,
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using an Forward Error Correction (FEC) code (such as convolutional code, turbo code or
LDPC code). These coded bits are grouped into groups of g bits, optionally interleaved and
mapped to symbols x in a finite constellation Q (such as 29 — QAM) multiplexed on a grid on
the 2-D Delay Doppler grid. These symbols are transformed by a 2-D Inverse Symplectic
Fourier transform to symbols X multiplexed on a reciprocal grid on the time frequency plane.
These symbols are OFDM modulated and transmitted over the N antennas. The signal,
received in M antennas, is OFDM demodulated and processed as a 2-D Time-Frequency grid
in the receiver.

[00251] In the 2-D Time-Frequency grid, the channel equation can be written

individually for each symbol (or time-frequency point) indexed by (i, j) as

3)) @@n @n )
szll>]<1 = HI\/;>]<N 'XI\;>]<1 + Wzvl1>]<1 (53)

[00252] where WNng]l) represent a vector of AWGN samples with expectation zero and
variance Ry,. The 2-D equalizer computes estimations of the transmitted symbols X from the
received samples Y, the channel estimations H and the noise variance Ry, . In a non-iterative
receiver, the estimated samples are transformed to the Delay-Doppler domain via a 2-D
Symplectic Fourier transform and then converted to bit likelihoods, which are passed to FEC
decoder to generate estimates, B, on the information bits.
[00253] K.2. Tterative 2-D Equalizer
[00254] FIG. 22 is a block diagram of an example embodiment of an iterative 2-D
equalizer 2201. The 2-D Iterative equalizer, illustrated in FIG. 22, iterates between the 2-D
equalizer 2203 and the FEC MAP decoder 2205, by passing information from one to the
other. After several iterations, the MAP decoder outputs estimation on the information bits. In
various embodiments, the iteration termination criteria may be based on a total number of
iterations, meeting, but not exceeding, a time budget for the iterative process, the
improvement in successive iterations falling below a threshold, and so on.
[00255] K.2.1 Example embodiments of the 2-D Equalizer (2203)
[00256] In some embodiments, the 2-D equalizer may be implemented as an affine
MMSE equalizer, computing the Wiener estimator of X

X=CcY+(U-CHX (54)
[00257] where C = Ryy Ry and I is the identity matrix. Note that C is a function of Ry
and Ry, . For the first iteration there is no prior information on the symbols of X, therefore we
set X = 0 and Ry= I. The 2-D equalizer also computes the variance of the estimation error,

denoted as Rg.
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[00258] K.2.2 2-D SFFT (2207)

[00259] The estimated symbols and error variances, X and Ry, respectively, are
transformed from the 2-D Time-Frequency grid to the 2-D Delay-Doppler grid via a 2-D
Symplectic Fourier transform to X and R,, respectively.

[00260] K.2.3 Likelihoods (2209)

[00261]  Likelihoods for the coded bits Lg(X), are computed from the symbols X.
Gaussian distribution may be assumed for X and the likelihoods can be derived from it. The
probabilities for this case are

PR|x = w) x e_l?iz(’?_“(w'/l))2 (55)

[00262] where wef) is a constellation symbol and
A=1-—R.Ry* (56)
R; = AR,
wlw,A) = wA+ (1 - A)x
[00263] Note that X is defined in equation (59). For each symbols, the extrinsic coded bits
log likelihoods ratio (LLR) can be derived as

Zw:s(w)izlp(flx =w)- qutip(w)j) (57)
Zw:s(w)izop(flx = w) - qutip(w)j

Lg(®); = log<

[00264] where i,j =0, ...,q — 1, s(w) is the constellation bits label that is associated
with the constellation symbol w and P(w) ; 18 defined in equation (58).

[00265] K.2.4 Deinterleaver (2211)

[00266] The deinterleaver permutes the likelihoods Lg(X) to L(C). These likelihoods will
be used as a priori information for the MAP decoder. In some implementations this
deinterleaver might be optional.

[00267] K.2.5 MAP Decoder (2205)

[00268] The Maximum A Posteriori decoder computes the a posteriori probabilities
(APP’s) of the information bits and also the extrinsic probabilities for the coded bits, which
when using LLRs, are the APP’s minus the a priori inputs.

[00269] K.2.6 Interleaver (2213)

[00270] The interleaver permutes the likelihoods Ly (€) to L(X). These likelihoods will
be used as a priori information for the MAP decoder. Note that in some implementations this
interleaver might be optional.

[00271] K.2.7 Symbol Mapper (2215)
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[00272] The symbol mapper estimates the probabilities of each constellation symbol wel)

from the likelihoods values L(X):

~ (58)
P(w); = %(1 +(2-s(w); — 1) - tanh <L(;)’>)

q-1

P = | [P@)
j=0

[00273] These probabilities are used for computing the expectation of the constellation

and the variance:

q-1 (59)

[00274] K.2.8 2-D SFFT-! (2217)

[00275] The 2-D Delay-Doppler domain symbols’ expectation and variance X and R, are
transformed to X and Ry in the 2-D Time-Frequency domain using a 2-D Inverse Symplectic
Fourier transform to transform from the delay-Doppler domain to the Time-Frequency
domain. These are used as priors to the 2-D Equalizer in the next iteration. In some
embodiments, the 2-D transforms used by operation 2207 and 2217 may be swapped. In other
words, an inverse SFFT may be used in the operation 2207, while an SFFT may be used in
the operation 2217.

[00276] In some embodiments, the iterative 2-D Equalizer may be operated so that the
receiver gets side information about some resource elements in the time-frequency grid that
have been “erased” (e.g., not transmitted, or not useable) and the receiver can ignore them.
The receiver may skip equalization for these resources and just uses directly the prior
estimates as outputs for the equalizer. In this case, Eq (54) simply becomes for these
resources:X = X.

[00277] K.3. Self-Iterative 2-D Equalizer (2300)

[00278] In the scheme 2300, shown in FIG. 23, the 2-D equalizer 2203 generates symbols

estimations X and R, in the 2-D Delay-Doppler domain in a similar way to the one described
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in the previous section. However, these estimates are fed directly to the soft symbol mapper
2315 to generate along with 2-D inverse Symplectic Fourier transform 2217, new priors for
the 2-D equalizer 2203. After a number of iterations, with termination criteria described as
before, these estimations are converted to coded bits likelihoods and passed to the FEC
decoder 2305 to generate estimation of the information bits.

[00279] As depicted in the flowchart of FIG. 20, a wireless communication method 2000
for recovering information bits from a received signal, by performing iterative two
dimensional equalization includes receiving (2002), at an iterative equalizer, iteration inputs
including a two dimensional estimate of a wireless channel over which the received signal is
received, a stream of received symbols, a symbol estimate from a previous iteration, an input
autocorrelation matrix estimate from the previous iteration, computing (2004), from the
iteration inputs, a Wiener estimate of the stream of received symbols, transforming (2006) the
Wiener estimate to symbol estimates a two dimensional delay-Doppler grid using a two-
dimensional symplectic Fourier transform, which may be a fast SFFT or a fast SFFT-!,
estimating (2008) likelihoods of the symbol estimates in the two dimensional delay-Doppler
grid, and generating (2010) estimates of data from the likelihoods. Various embodiments and
options are further described in the description associated with FIG. 22. For example, as
described with respect to operations 2207 and 2217, in some embodiments, two-dimensional
symplectic Fourier transforms that are inverse of each other may be used in these operations.
In other words, 2207 may correspond to an SFFT while 2217 may correspond to an inverse
SFFT or vice versa.

[00280] In some embodiments the generating the estimate may include deinterleaving the
likelihoods and performing error correction. As depicted in the example embodiment in FIG.
23, in some embodiments, the feedback direction processing may include generating a
symbol estimate and an input autocorrelation matrix estimate for a next iteration of the
method 2000. The processing in the feedback direction may include performing soft symbol
mapping using the likelihoods resulting in intermediate symbol estimates and an intermediate
autocorrelation estimate, and generating the symbol estimate and the input autocorrelation
matrix estimate by transforming, using an inverse of the two-dimensional symplectic Fourier
transform, the intermediate symbol estimates and the intermediate autocorrelation estimate.
In various embodiments, the two-dimensional symplectic Fourier transform may be SFFT or
SFFT-.

[00281] In some embodiments, the receiver that implements the method 2000 may get

side information about some resource elements in the time-frequency grid that have been
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“erased” (not transmitted, or not useable) and the receiver can ignore them. The receiver may
then skip the equalization for them and just uses directly the prior estimates as outputs for the
equalizer. In this case, Eq (2) simply becomes for these resources:X = X.

[00282] FIG. 21 illustrates a flowchart example for a wireless communication method
2100 for recovering information bits from a received signal, by performing iterative two
dimensional equalization is disclosed. The method 2100 includes receiving (2102), at an
iterative equalizer, iteration inputs including a two dimensional estimate of a wireless channel
over which the received signal is received, a stream of received symbols, a symbol estimate
from a previous iteration, an input autocorrelation matrix estimate from the previous iteration,
computing (2104), from the iteration inputs, a Wiener estimate of the stream of received
symbols, transforming (2106) the Wiener estimate to symbol estimates a two dimensional
delay-Doppler grid using a two-dimensional symplectic Fourier transform, and processing
(2108) in a feedback direction, by generating a symbol estimate and an input autocorrelation
matrix estimate for a next iteration.

[00283] L. Iterative receivers

[00284] A typical wireless signal transmission system (which may modulate signals using
orthogonal time frequency space modulation, or OTFS) usually may include a transmit chain
2400, as shown in FIG. 24. Source data 202 is segmented into blocks (2404), which are
encoded by a Forward-Error-Correction (FEC) code of rate R into codewords (2406). These
codewords are segmented (2408) into groups of g bits where each group is mapped to a
constellation symbol (such as M-QAM, where 2°q=M). These symbols may be transformed
by an OTFES transform (2410) and then used for the generation of the transmission waveform
(2412).

[00285] In transmit chain 2400, all the source bits have (almost) equal protection by the
FEC code, but the coded bits, which are mapped into different positions in the constellation
symbol’s label, do not typically have equal protection. Some of the bits in the constellation
label may be more reliable than other bits (have lower probability of error). For example, in
some standard constellation mappings, such as Gray mapping, the Most-Significant-Bits
(MSBs) are typically more reliable than the Least-Significant-Bits (LSBs).

[00286] Described herein are alternative method for data segmentation and encoding
along with its matching iterative receiver, which is advantageous in terms of error-rate
performance.

[00287] M. Multi-Level Data Segmentation and Encoding
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[00288] FIG. 25 depicts an example of a transmit chain 2500 that use multi-level data
segmentation and encoding. In the scheme implemented by the transmit chain 2500, shown
in FIG 25, the data is segmented into ¢ multiple blocks of different sizes and encoded in g
different levels by multiple FEC codes (2506a to 2506q) of different rates Ry, R, ..., R4. In
the simplest case, each FEC output is used to map a specific bit in each constellation symbol.
For example, 8-QAM may be encoded with 3 levels using 3 different FEC codes. Their
output maps the MSB, middle bit and LSB of the constellation symbol’s label.

[00289] In various embodiments, the number of levels may be smaller than log, M and
each FEC may be connected to more than one bit in the constellation label. For example, in
constellation mappings (2508) where the real part of the complex constellation is independent
of the imaginary part, pairs of constellation bits (one mapped to the real and one mapped to
the imaginary) may be encoded together.

[00290] To achieve the best error-rate performance, the different FEC code rates may be
optimally selected along with the choice of the constellation mapping.

[00291] N. Iterative Equalization & Decoding of Multi-Level Encoded Symbols
[00292] In general, iterative receivers exchange extrinsic information between the
equalizer and the FEC decoder to achieve close to optimal performance, as shown in FIG. 26
for an OTEFS receiver 2600. The equalizer 2602 uses prior information on the data symbols
coming from the FEC feedback path to improve the equalization of the symbols. This
feedback path comprises a symbol mapper 2610 and OTFES transformation module 2612.
Then, these symbols are converted to bit likelihoods that are FEC decoded. Several iterations
are performed until all the source data is decoded correctly, or until some other stopping
criteria is met. An inverse OTFS transform module 2604 may apply inverse OTFS transform
and a symbol demapper 2606 may recover bits from modulation symbols.

[00293] Compared to the technique described next, the error-rate performance of the
scheme 2600 may be degraded. One reason for the degradation may be because of the
mixture of bits with different level of reliability in every FEC codeword that is being decoded.
The constellation bits with low reliability make it harder for the FEC decoder to converge to
the correct codeword and therefore, the feedback to the equalizer has less information to
improve the equalization.

[00294] When multi-level encoding is applied at the transmitter (e.g., as shown in FIG.
25), the iterative receiver 2750, in each decoding iteration, decodes only a part of the

constellation bits. It typically starts with the most reliable bits and then proceeds in the next
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iterations to less reliable ones. This scheme, shown in FIG. 27, allows the equalizer to
receive in earlier iterations priors, which are dominant from the constellation symbols point
of view and better improve the equalization (see FEC decoders 2758a to 2758q). When the
FEC has successfully decoded one level, it switches to decode the next one. The receiver
continues to iterate until all levels have been decoded successfully or until some other
stopping criteria is met. The most reliable bits are often bits that are used to decide the
“macro” region within the constellation map where a symbol lies - e.g., the quadrant in which
a constellation symbol of a 4 or 8 QAM signal lies, followed by sub-quadrant within the
quadrant, and so on.

[00295] FIG. 28 shows a flowchart representation of an example method 2800 of wireless
signal transmission is disclosed. The method includes receiving information bits for
transmission (2802), segmenting the information bits into a stream of segments (2804),
applying a corresponding forward error correction (FEC) code to each of the stream of
segments and combining outputs of the FECs to generate a stream of symbols (2806), and
generating an output signal for transmission (2808). The output signal generation operation
2808 may include processing the stream of symbols to generate a waveform, and transmitting
the waveform over a communication medium. The processing of the stream of symbol may
include operations such as digital to analog conversion, lowpass filtering,

[00296] In some embodiments, the segmentation operation may comprise serial-to-
parallel conversion of the information bits such that each segment has a size equal to the
number of bits used to generate constellations of a downstream modulation scheme. For
example, 3 bits per segment may be used for 8§ QAM modulation.

[00297] In some embodiments, the number of bits per segment may be equal to the block
size for the downstream forward error correction scheme used. For example, 40 or 80 bit
segments may be used for FEC block. In general, FECs with different error protection may
be used and thus each FEC block may have a same number of bit size on the output (so that
the outputs of each FEC can be combined to form symbols) but may have a different number
of input bits. For example, the bit-expansion due to a stronger FEC code may mean fewer
input bits will produce the same number of output FEC bits. However, in some embodiments,
some FEC modules may have same input and output bit sizes but may offer different degrees
of error correction coding due to algorithmic differences in the error correction code used for
implementing the FEC.

[00298] In some embodiments, the transmission signal generation operation 606 may

include application of a symplectic transform such as the OTFS transform to the signal to
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transform a corresponding delay-Doppler domain signal to a signal that is used for
transmission.

[00299] FIG. 29 shows a flowchart for a wireless communication method 2900,
implemented at a receiver-side. The method 2900 include performing channel equalization
on the signal to generate a channel equalized signal (2902), logically dividing the channel
equalized signal into a first number of segments, wherein the number of segment is equal to a
second number of segments used at a transmitter-side to generate the signal (2904),
demodulating and symbol de-mapping the channel equalization signal in successive steps
such that each step operates to recover one or more bits of one of the number of the segments
to generate a demodulated bitstream (2906), processing the demodulated bitstream to
generate information related to the bits from the signal (2908), and providing a feedback
signal to the channel equalization operation based on the processing of the demodulated
bitstream (2910). The order in which the successive steps are performed depends on a
reliability of success of recovering the one bit in each of the successive steps.

[00300] FIG. 30 shows an example of a wireless transceiver apparatus 3000. The
apparatus 3000 may be used to implement method 200 or 300, or another method described
herein. The apparatus 3000 includes a processor 3002, a memory 3004 that stores processor-
executable instructions and data during computations performed by the processor. The
apparatus 3000 includes reception and/or transmission circuitry 3006, e.g., including radio
frequency operations for receiving or transmitting signals.

[00301] It will be appreciated that techniques for performing digital communication by
modulating data using dispersed OTFES are disclosed. In some embodiments, symbol
placement may be performed in a spread domain and transformed into a transformed domain
from which they are mapped to the time-frequency domain, such that the placement of user
data and reference signal is not limited to a pre-defined regular grid in the time-frequency
domain.

[00302] The disclosed and other embodiments, modules and the functional operations
described in this document can be implemented in digital electronic circuitry, or in computer
software, firmware, or hardware, including the structures disclosed in this document and their
structural equivalents, or in combinations of one or more of them. The disclosed and other
embodiments can be implemented as one or more computer program products, i.e., one or
more modules of computer program instructions encoded on a computer readable medium for
execution by, or to control the operation of, data processing apparatus. The computer

readable medium can be a machine-readable storage device, a machine-readable storage
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substrate, a memory device, a composition of matter effecting a machine-readable propagated
signal, or a combination of one or more them. The term “data processing apparatus™
encompasses all apparatus, devices, and machines for processing data, including by way of
example a programmable processor, a computer, or multiple processors or computers. The
apparatus can include, in addition to hardware, code that creates an execution environment
for the computer program in question, e.g., code that constitutes processor firmware, a
protocol stack, a database management system, an operating system, or a combination of one
or more of them. A propagated signal is an artificially generated signal, e.g., a machine-
generated electrical, optical, or electromagnetic signal, that is generated to encode
information for transmission to suitable receiver apparatus.

[00303] A computer program (also known as a program, software, software application,
script, or code) can be written in any form of programming language, including compiled or
interpreted languages, and it can be deployed in any form, including as a standalone program
or as a module, component, subroutine, or other unit suitable for use in a computing
environment. A computer program does not necessarily correspond to a file in a file system.
A program can be stored in a portion of a file that holds other programs or data (e.g., one or
more scripts stored in a markup language document), in a single file dedicated to the program
in question, or in multiple coordinated files (e.g., files that store one or more modules, sub
programs, or portions of code). A computer program can be deployed to be executed on one
computer or on multiple computers that are located at one site or distributed across multiple
sites and interconnected by a communication network.

[00304] The processes and logic flows described in this document can be performed by
one or more programmable processors executing one or more computer programs to perform
functions by operating on input data and generating output. The processes and logic flows
can also be performed by, and apparatus can also be implemented as, special purpose logic
circuitry, e.g., an FPGA (field programmable gate array) or an ASIC (application specific
integrated circuit).

[00305] Processors suitable for the execution of a computer program include, by way of
example, both general and special purpose microprocessors, and any one or more processors
of any kind of digital computer. Generally, a processor will receive instructions and data from
a read only memory or a random access memory or both. The essential elements of a
computer are a processor for performing instructions and one or more memory devices for
storing instructions and data. Generally, a computer will also include, or be operatively

coupled to receive data from or transfer data to, or both, one or more mass storage devices for
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storing data, e.g., magnetic, magneto optical disks, or optical disks. However, a computer
need not have such devices. Computer readable media suitable for storing computer program
instructions and data include all forms of non-volatile memory, media and memory devices,
including by way of example semiconductor memory devices, e.g., EPROM, EEPROM, and
flash memory devices; magnetic disks, e.g., internal hard disks or removable disks; magneto
optical disks; and CD ROM and DVD-ROM disks. The processor and the memory can be
supplemented by, or incorporated in, special purpose logic circuitry.

[00306] While this patent document contains many specifics, these should not be
construed as limitations on the scope of an invention that is claimed or of what may be
claimed, but rather as descriptions of features specific to particular embodiments. Certain
features that are described in this document in the context of separate embodiments can also
be implemented in combination in a single embodiment. Conversely, various features that are
described in the context of a single embodiment can also be implemented in multiple
embodiments separately or in any suitable sub-combination. Moreover, although features
may be described above as acting in certain combinations and even initially claimed as such,
one or more features from a claimed combination can in some cases be excised from the
combination, and the claimed combination may be directed to a sub-combination or a
variation of a sub-combination. Similarly, while operations are depicted in the drawings in a
particular order, this should not be understood as requiring that such operations be performed
in the particular order shown or in sequential order, or that all illustrated operations be
performed, to achieve desirable results.

[00307] Only a few examples and implementations are disclosed. Variations,
modifications, and enhancements to the described examples and implementations and other

implementations can be made based on what is disclosed.
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CLAIMS
What is claimed is:

1. A wireless communication method, comprising:

modulating source data bits into a number Nd of constellation symbols, and

applying an invertible transform to the constellation symbols, resulting in mapping the
transformed symbols into Nd elements in a time-frequency grid; and

transmitting a signal resulting from the invertible transform over a communication

channel.

2. The method of claim 1, wherein the mapping in the time-frequency grid includes a

partial time-frequency grid.

3. The method of claim 1, wherein the mapping in the time-frequency grid includes a

full time-frequency grid.

4. The method of claim 1-3, wherein the time-frequency grid comprises a continuous
grid.
5. The method of claims 1-3, wherein the time-frequency grid comprises a non-

continuous grid.

6. The method of claim 1-5, wherein the transform and mapping results in spreading a

given constellation symbol across multiple locations along the time-frequency grid.

7. The method of claims 6, wherein the multiple locations are non-continuous along the

time-frequency grid.
8. The method of claim 1-7, wherein the transmitting the signal includes:
generating the signal by inserting a reference signal along the time-frequency grid at

locations unoccupied by the transformed symbols.

9. The method of claim 1-8, wherein the transmitting the signal includes:
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generating the signal by inserting additional data along the time-frequency grid at

locations unoccupied by the transformed symbols.

10. The method of claims 1-9 wherein the invertible transform includes a symplectic

Fourier transform.

11. The method of claims 1-9 wherein the invertible transform includes a multi-

dimensional Fourier transform.

12. The method of claims 1-9 wherein the invertible transform includes a permutation
transform.
13. The method of claim 1-9, wherein the modulating the source data bits includes

modulating the source data bits using a multi-layer coding technique in which different

constellation bits of a symbol are encoded separately.

14. The method of claim 1-9, wherein the number Nd of constellation symbols are

constructed from interleaved coded bits.

15. A wireless communication method, implementable at a receiver apparatus,
comprising:

receiving a signal comprising a logical grouping of Nd symbols arranged in a time-
frequency grid;

generating equalized symbols by equalizing the signal by estimating a channel over
which the signal is received;

transforming the equalized symbols using an invertible transform into Nd estimated
received symbol constellations;

recovering source data bits from the Nd estimated received symbol constellations.

16. The method of claim 15, wherein the time-frequency grid includes a partial time-

frequency grid.

17. The method of claim 15, wherein the time-frequency grid includes a full time-

frequency grid.
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18. The method of claim 15-17, wherein the time-frequency grid comprises a continuous
grid.
19. The method of claims 15-17, wherein the time-frequency grid comprises a non-

continuous grid.

20. The method of claim 15-19, wherein a given constellation symbol is spread across

multiple locations along the time-frequency grid.

21. The method of claims 20, wherein the multiple locations are non-continuous along the

time-frequency grid.

22. The method of claim 15-21, wherein the signal includes a reference signal along the

time-frequency grid at locations unoccupied by the transformed symbols.

23. The method of claims 15-22, wherein the invertible transform includes a symplectic

Fourier transform.

24. The method of claims 15-22, wherein the invertible transform includes a multi-

dimensional Fourier transform.

25. The method of claims 15-22, wherein the invertible transform includes a permutation
transform.
26. The method of claim 15-22, wherein the recovering includes demodulating the source

data bits using a multi-layer decoding technique in which different constellation bits of a

symbol are decoded separately.

27. The method of claim 15-22, wherein the recovering source data bits includes

deinterleaving bits from the Nd estimated received symbol constellations.

28. The method of claims 15-22, wherein the estimating the channel is based on reference

signals included in the time-frequency grid.
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29. The method of claim15-22, wherein the equalizing the received symbols is further

based on a priori information about the Nd constellation symbols.

30. The method of claim 29, wherein the source data bits are recovered by:

computing an extrinsic bit metrics based on the Nd estimated received symbol
constellations;

generating estimated coded source data bits from the Nd estimated received symbol
constellations; and

providing the estimated coded source data bits as the a priori information.

31. The method of claim 30, wherein the computing the extrinsic bit metrics is performed

using a multi-layer coding scheme.

32. The method of claim 15, wherein the method is implemented iteratively on a layer by

layer basis.

33. The method of claim 30, further including deinterleaving the external bit metrics prior

to recovering source data bits.

34, The method of claim 31, further including interleaving the recovered coded data bits

metrics after decoding.

35. The method of claim 1, wherein the applying the invertible transform includes
arranging the constellation symbols into a multi-dimensional structure and applying the

invertible transform to the multi-dimensional structure.

36. The method of claim 1-7, wherein the transmitting the signal includes:
generating the signal by overlaying a reference signal along the time-frequency grid

on locations occupied by the transformed symbols.

37. The method of claim 15, wherein the transforming the equalized symbols using the
invertible transform includes arranging the equalized symbols into a multi-dimensional

structure and applying the invertible transform to the multi-dimensional structure.
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38. The method of claim 15-21, wherein the signal includes a reference signal along the

time-frequency grid overlaid at locations occupied by the transformed symbols.

39. A computer program product comprising a computer-readable storage medium having
code stored thereupon, the code, when executed, causing a processor to implement a method

of any of claims 1 to 38.
40. A wireless communication device comprising a memory storing instruction and a

processor, wherein the instructions, when executed by the processor, cause the processor to

implement a method of any of claims 1 to 38.
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