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ABSTRACT: Orthogonal time frequency space (OTFS) modulation scheme has been recently proposed and finds
useful in several applications. In this paper an insight is made into a linear complexity iterative rake detector. In this
scheme the basic idea is to extract and coherently combine the received multipath components of the transmitted
symbols in the delay-Doppler grid using maximal ratio combining (MRC) to improve the SNR of the combined signal.
In a simple vector form, OTFS input-output relation can be represented by placing guard null symbols or zero padding
(ZP) in the delay-Doppler grid and exploiting the resulting circulant property of the blocks of the channel matrix. Using
this vector input-output relation a low complexity iterative decision feedback equalizer (DFE) based on MRC can be
developed. This detector has performance and complexity similar to the state of the art message passing detector. An
alternative time domain MRC based detector can be developed for even faster detection. The MRC detector can be
combined with outer error-correcting codes to operate as a turbo DFE scheme to further improve the error performance.

KEYWORDS: Orthogonal time frequency and space, delay-Doppler domain, OFDM, D-OSDM.

I. INTRODUCTION

Orthogonal time frequency and space (OTFS) is a new two-dimensional (2D) modulation technique that transforms
information symbols in the delay-Doppler domain to the familiar time-frequency domain by spreading all the
information symbols (e.g., QAM) over both time and frequency to achieve maximum effective diversity. As a result, a
time-frequency selective channel due to multipath fading and mobility is converted into a separable and quasi-
orthogonal interaction, where all received information symbols experience roughly the same localized impairment.
Hence, for each information symbol, the received components in all the delay Doppler diversity branches can be
separated and coherently combined.

OTFS can also be interpreted as a two-dimensional code division multiple access (CDMA) scheme, where information
symbols are spread in both time and frequency, differently from conventional CDMA systems. In direct sequence
CDMA operating in a multipath fading channel, a rake receiver works by combining the delayed components (or
echoes) of the transmitted symbols extracted by using matched filters tuned to the respective delay shifts. Similarly, in
the case of OTFS, the received delay shifted and Doppler shifted components of the transmitted information symbols
can be extracted and coherently combined using linear diversity combining techniques to improve the SNR of the
accumulated signal.

We can group the delay-Doppler grid symbols into vectors according to their delay index and reformulate the input
output relation between the transmitted and received frames in terms of these transmitted and received vectors. By
placing some null symbols (zero-padding (ZP)) in the delay-Doppler domain we arrive at a reduced input-output
relation, which allows the use of the maximal ratio combining to design a low complexity detector for OTFS. The
overhead of the null guard symbols, needed for the proposed detection scheme, also allows to insert pilot symbols at no
additional cost. These null symbols in the delay-Doppler domain act as interleaved ZP guard bands in the time-domain.
Taking advantage of this interleaved time-domain ZP, we further present an alternate low complexity time-domain
MRC based detection for OTFES.
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OTFS with the ZP guard band as mentioned above is similar to the Doppler-resilient orthogonal signal division
multiplexing (D-OSDM) scheme recently proposed for under water acoustic channels which is modelled as relatively
faster time-varying as compared to the vehicular channel model assumption. Even though the information symbols in
both schemes are transmitted in the delay-Doppler domain, the main advantage of the general OTFS transceiver
structure is the provision to insert arbitrary frequency domain windowing, which is not a part of the D-OSDM scheme.
Windowing allows OTFS to select a subset of sub-carriers for transmission and reception, which is particularly useful
in multi-user communication schemes.

Paper is organized as follows. Section II describes OTFS system model and derive the input-output relation in the
vector form.The MRC based iterative rake detector, its low complexity implementation and the conditions for
convergence are described is given in Section III. Section IV presents simulation results. Finally, Section V
presentsconclusion.

II. RELATED WORK

In OTFS, the user data (constellation symbols) is placed in the delay-Doppler (De-Do) domain as opposed to TF grid in
OFDM. The data is then spread across the TF grid using a unitary transform. This is followed by an OFDM or block
OFDM modulator. Cyclic prefix (CP) or block CP is added to absorb the channel delay spread. When OFDM
modulation is used with CP, it is called as CP-OTFS whereas, OTFS with block OFDM modulation and block CP is
termed as reduced CP OTFS (RCP-OTFS).RCP-OTFS is spectrally more efficient thanCP-OTFS.

QAM modulated data symbols,d(k,l) e C,ke N[ON — 1],le N[O M — 1] are arranged over Do-De lattice A =
{(%,MLM)}.We assume that E[d(k, 1), d(k’,l')] = 058(k — k',1 — "), where § is Dirac delta function. Do-De domain
data d(k, I) is mapped to TF domain data X (n, m) on lattice A* = {nT, mAf},ne N[O N — 1],me N[0 M — 1] by using
inverse symplectic fast Fourier transform (ISFFT). X(n, m) can be given as

N-1M-1

1 ~ . _[nk ml
X(n,m) = —— d(k,1 j2n| =5 1

Next, X(n, m) is converted to a time domain signal s(t) through a Heisenberg transform as,

Z X(n,m)g(t — nT)e/>mmart=nn @
=0

s(t) =

N-1M-1
m

k=0

Where, g(t) is transmitter pulse of duration T. It has been shown that non rectangular pulse induces non orthogonality
which degrades BER performance. Thus, here we consider a rectangular pulse i.e

1, if0<t<T

o= . ;
9(® 0, otherwise @)
Symbol |¢(%. b Xtn,m)| Heisenberg is(c) Channel | 7{t)| Channel i Wigner |Yin,m id(k.{ Symbol .
Source |— Mapper 1 ISFFT 2 Transform J'—" h,v) [ *| Equalization 4:“‘ Transform 2 SFFT i *| Demapper [ "] Sink
OTFS Modulation___..# ..._.OTFS Demodulation__..

Fig.1. Block diagram of OTFS system

To obtain discrete time representation of OTFS transmission, following the figures 1 and 2, s(t) is sampled at the
sampling interval of % Samples of s(t) in s =[s(0),s(1),...s(MN-1)] and QAM symbols d(k, 1) are arranged in M x N
matrix as,
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d(0,0) d(1,0) d(N —1,0)
D= d((:),l) d(1:,1) d(N — 1,0) @)
dM-10) dM-11) .. d(N-1,M—-1)
Using above formulations, scan be given as,
s = vec{DWy} o)

Alternatively, ifd = vec{D}, then the transmitted signal can also be written as matrix vector multiplication,

s=Ad, 6)
Where, A = Wy & I,,is the OTFS modulation matrix.
Time-Frequency
(M—1)Af ¢ ¢ ¢ (™
N1l Delay-Doppler ‘ & L & KHZ‘
) 9 90O O©66 6 666 © & © ©
¢ ¢ %6.671: s‘v
) ) 000 0000 €O O } e o €%
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HE éo o 7
| wO OO @ 00 00 ¢ 25, & ¢ ¢ ¢ ¢
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w0000 0000 6666 ré‘& ; ¢ ¢ ¢ ¢
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Figure 2 Do-De to TF conversion using inverse symplectic Fourier transform for N =128 and M = 512.

The delayDoppler domain symbols in X is converted to the time-frequency domain (X;f) using the inverse symplectic
fast Fourier transform (ISFFT) operation.

Xir = Fy. X F) (7

The “Heisenberg transform modulator” generates the time domain signal from the time-frequency samples using an M-
point IFFT along with the pulse-shaping waveform g, (t).The transmitted signal can be written as

S = Gy (F- Xf) = G- (X FY) )

Gy = diag[gtx(O), Ix(T/M), ... ... gtx((M - 1)T/M)] € cMxM )

Let X be the matrix containing the delay-time samples before applying pulse shaping waveform and is related to the
delay-Doppler domain symbols as

XT = [&o, ....Ky_1] = Fi[Xo, .. Xpr_q] = FF.XT (10)
The time domain vectors € C¥™*1, to be transmitted into the physical channel can be written as
s = vec(Gy. X) (11)

These samples are pulse shaped and transmitted as a continuous time signal s(t). At the receiver, the delay-time samples
are obtained from the sampled received time domain waveform r € CVNM*1 ag

Y = vecy((Iy ® G- 1) (12)
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Where the diagonal matrix G has the samples of g.(t) as its entries:

Gy = diag[g,,(0), gux (T/M), ... ... g (M — DT /M)] € C¥M (13)
is the pulse shaping filter at the receiver. The received delay-Doppler and delay-time domain symbols are related as
Y™ = [yo, e Yu-1] = Fy[Fo, ovns Juu—1] = Fy. YT (14)
Doppler time
ela dela v
- Yl_):g : N point yr = %7
T " 1FFT 1t i
X; %1
: OTFS
[N point | transmitter
"B
X‘Lil ilmm * % i};«q

parallel/serial

(a)

t Imax TIM s = vee(X)
-
| [ T ] [ 1 [ ] [ ] |
T ”Af discrete time (q)

g(r,1) — delay-time channel discrete
s . . delay-time
g°(l, g) — discrete delay-time channel channel
r(q) = X g q)slg— 1) (g0 Db
r = vec(Y)
Doppler
=
=T ~ T
Yo . N point | 5 Yo
v & ¥i
|
. . delay-Doppler
. o — domain MRC |—»
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Fig. 3 Discrete baseband model of the ZP-OTFS system for N = 6,M = 8 for (a) transmitter (b) receiver
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1. METHODOLOGY

We can think of the MRC detector as the maximal ratio combining of the channel impaired signal components received
at L = |£| < Pdifferent delay branches in the delay-Doppler grid analogous to a CDMA rake receiver. The noise plus
interference (NPI) power in each of these branches is different and depends on the channel response. In each detector
iteration, we cancel the estimated inter symbol-vector interference in the branches selected for combining, thereby
iteratively improving the post MRC signal to interference plus noise ratio (SINR).

The input output relation between the transmitted and received symbol-vectors x,, and y,, in is given by

Ym+1 = Z Km+l,l Xy Wiy (15)
leL

Wherew,, is iid AWGN noise with variances;?. Due to the inter-symbol interference caused by delay spread (I /M),
all symbol-vectors x,, have a signal component in L received symbol-vectors y,.., forl € £ . Let b}, € C¥*be the
channel impaired signal component of x,,in the received y,,,, vector at delay index m + [ after removing the interference
of the other transmitted symbol-vectors x; for k # m. Assuming we have the estimates of symbol-vectors X, from
previous iterations, we can then Writeb,ln forle L as

l _ a
b = Ym+r — z | CHTRS ST, (16)
UVeLl'#1
Forle L, we have L equations for the symbol-vector estimates X,, given as
bl = Kpii-Rim + Wiy + interference (17)

In the delay branch with index / due to error in the current estimates of the interfering symbol-vectors X,,,;, forl # p.
In this scheme, instead of estimating the transmitted symbol-vector X, separately from each of the L equations, we
perform maximal ratio combining of the estimates b, followed by symbol-by-symbol QAM demapping. The vector
output of the maximal ratio combiner, ¢,, € C¥*1, is given by

¢, =Dl gy (18)
Where
D, = Z K;rn+z,z Kinsi (19)
leL
=>» K',,,.bl
gm m+1 - Om (20)
leL

And the hard estimates are given by

K(n) = arg gjlérélaj — ¢ ()] Q1)

Where a; is signal from the QAM alphabetQ, withj =1,...,| Q| and n=0,...,N — 1. Let D(. )denote the decision on the
estimate c,, in every iteration such that)?g,? = D(c,(,?). Hard-decision function D(c)is given by the maximum likelihood

(ML).

Once we update the estimateX,,, we increment m and repeat the same to estimate all M' = M — [,,,,, information
symbol-vectors X, using the updated estimates of the previously decoded symbol-vectors in the form of a decision
feedback equalizer (DFE). Note that the DFE action leads to sequential updates whereas alternatively, using only the
previous iteration estimates leads to parallel updates. Algorithm 1 shows the delay-Doppler domain MRC operation.
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IV. EXPERIMENTAL RESULTS

FER performance of the iterative rake detector vs BICM-OFDM for different code word lengths: long (labelled as
SOR-Turbo-Rake-3840) and short (labelled as SOR-TurboRake-672). For a fair comparison with the OFDM scheme,
the FER plot for a single turbo iteration is also plotted alongside. It can be observed that, the iterative rake detector with
single turbo iteration has a gain of =~ 3 dB and ~ 4 dB for code word length of 3840 and 672, respectively, as compared
to the OFDM scheme at a FER of 10—2. It can be noted that more iterations are required for short code words to
achieve the same performance as long code words.

TFS-64QAM 128x512

10°

FER

OFDM-BICM decoder-672
= OFDM-BICM decoder-3840
SOR-Turbo-Rake-672 1 iter
— SOR-Turbo-Rake-3840 1 iter
SOR-Turbo-Rake-672 5 iters
= SOR-Turbo-Rake-3840 5 iters |

10 15 20 25 30 35 40
SNR in dB

Fig 5.Turbo 64-QAM FER Plot: MRC vs BIC-MMSE-OFDM for codewordlengths: 672, 3840

V. CONCLUSION

MRC detector along with a low complexity initial estimate of symbol-vectors can achieve similar or better BER
performance than the MPA detector with lower complexity and storage requirements. The MRC detector performance
can be further improved with the aid of an outer error control coding scheme using turbo iterations. An additional
advantage of the MRC detector is that the complexity is linear in L (number of delay taps) rather than P (total number
of paths), thanks to the vector decomposition of the 2-D convolution with the channel.
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