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Abstract—Orthogonal time frequency space (OTFS) modula- 
tion is a recently introduced multiplexing technique designed in 
the 2-dimensional (2D) delay-Doppler domain suited for high- 
Doppler fading channels. OTFS converts a doubly-dispersive 
channel into an almost non-fading channel in the delay-Doppler 
domain through a series of 2D  transformations. In  this  paper, 
we focus on MIMO-OTFS which brings  in  the  high  spectral 
and  energy  efficiency  benefits  of   MIMO  and   the  robustness 
of OTFS in high-Doppler fading channels. The OTFS channel- 
symbol coupling and the sparse delay-Doppler channel impulse 
response enable efficient MIMO channel estimation in high 
Doppler environments. We present an iterative algorithm for sig- 
nal detection based on message passing and a channel estimation 
scheme in the delay-Doppler domain suited for MIMO-OTFS. 
The proposed channel estimation scheme uses impulses in the 
delay-Doppler domain as pilots for estimation. We also compare 
the performance of MIMO-OTFS with that of MIMO-OFDM 
under high Doppler scenarios. 
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I. INT ROD U CTION 

Future wireless systems including SG systems need to 

operate in dynamic channel conditions, where operation  in 

high mobility scenarios (e.g., high-speed trains) and millimeter 

wave (mm Wave) bands are envisioned. The wireless chan- 

nels in such scenarios are doubly-dispersive, where multipath 

propagation effects cause time dispersion and Doppler shifts 

cause frequency dispersion [1]. OFDM systems are usually 

employed to mitigate the effect of inter-symbol interference 

(ISI) caused by time dispersion [2]. However, Doppler shifts 

result in inter-carrier interference (ICI) in OFDM and degrades 

performance [3]. An  approach  to  jointly  combat ISI  and 

ICI is to use pulse shaped OFDM systems [4]-[6]. Pulse 

shaped OFDM systems use general time-frequency lattices 

and optimized pulse shapes in the time-frequency domain. 

However, systems that employ the pulse shaping approach do 

not efficiently address the need to support high Doppler shifts. 

Orthogonal time frequency space (OTFS) modulation is a 

recently proposed multiplexing scheme [7]-[10] which meets 

the high-Doppler signaling need through a different approach, 

namely, multiplexing the modulation symhol.s in the dela y- 

Doyyler domain (instead of multiplexing symbols in time— 

frequency domain as in traditional modulation techniques such 

as OFDM). OTFS waveform has been  shown  to be resilient 

to delay—Doppler shifts in the wireless channel. For example, 

OTFS has been shown to achieve significantly better error 

performance compared to OFDM for vehicle speeds ranging 

from 30 km/h to 500 km/h in 4 GHz band, and that the 

robustness to high-Doppler channels (e.g., 500 km/h vehicle 

speeds) is especially notable, as OFDM performance breaks 

down in such high-Doppler scenarios [9]. When OTFS wave— 

form is viewed in the delay—Doppler domain, it corresponds 

to a 2D localized pulse. Modulation symbols, such as QAM 

symbols, are multiplexed using these pulses as basis functions. 

The idea is to transform the time—varying multipath channel 

into a 2D time-invariant channel in the delay-Doppler domain. 

This results in a simple and symmetric coupling between the 

channel and the modulation symbols, due to which significant 

performance gains compared to other multiplexing techniques 

are achieved [7]. OTFS modulation can be architected over any 

multicarrier modulation by adding pre-processing and post—

processing blocks. This is very attractive from an implement- 

tation view point. 

Recognizing the promise of OTFS in future wireless sys- 

tems, including mmWave communication systems [10], several 

works on OTFS have started emerging in the recent literature 

[11]-[16]. These works have addressed the formulation of 

input-output relation in vectorized form, equalization and de- 

tection, and channel estimation. Multiple—input multiple—output 

(MIMO) techniques along with OTFS (MIMO—OTFS) can 

achieve increased spectral/energy efficiencies and robustness 

in rapidly varying MIMO channels. It is shown in [7] that 

OTFS approaches channel capacity through linear scaling of 

spectral efficiency with the MIMO order. We, in this paper, 

consider the signal detection and channel estimation  aspects 

in MIMO-OTFS. 

Our contributions can be summarized as follows. We first 

present a vectorized input-output formulation for the MIMO- 

OTFS system. Initially, we assume perfect channel knowl- 

edge at the receiver and employ an iterative algorithm based 

on message passing for signal detection. The algorithm has 

low complexity and it achieves very good performance. For 

example, in a 2 x 2 MIMO—OTFS system, a bit error rate 

(BER) of 10 “ is achieved at an SNR of about 14 dB for a 

Doppler of 1880 Hz (500 km/hr speed at 4 GHz). For  the 

same system, MIMO-OFDM BER performance floors at a 

BER of 0.02. Next, we relax the perfect channel estimation 

assumption and present a channel estimation scheme in the 

delay-Doppler domain. The proposed scheme uses impulses in 

the delay-Doppler domain as pilots for MIMO—OTFS channel 

estimation. The proposed scheme is simple and effective in 

high—Doppler MIMO channels. For example, compared to the 

case of perfect channel knowledge, the proposed scheme loses 
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