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Eﬂk,l] 5[n,m] [Heisenburg S(t)l Channel y(t)l Wigner yln, m|, ylk, 1] 'E
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Transform h(T ) 19) Transform | SEFT

e From the generic received signal model:

y(t) = [ fE(T, st — 7)ed2 0 E=T) drdy + V() ,_nT_ _n

where  h(r,9) = 3" hpd(T — 7p)5(0 — ﬁp)Lp:MlZf 9= T2

e Orthogonal Time Frequency Space (OTFS) modulation is specifically designed for doubly selective
fading, where P propagation paths are resolvable and time-invariant in the delay-Doppler (DD) domain:

Uk, 1] = the N S[< k—kp >N, <l—lp >n]

e [ssues to consider first: (1) Relationship between frequency/time selectivity and waveforms; (2)
Relationship between determinstic fading model and stochastic Ricean/Rayleigh fading models; (3)

Channel estimation; (4) Differential encoding and non-coherent detection; (5) Reconfigurable intelligent
surface (RIS) applications;
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e From the generic received signal model:
= [ [ R(r,9)s(t = 7)el2 T drdd + o (t)| =
where  h(r,9) = S0 hyd(r — 1)8(9 — Op)|rp=0
- P propagation paths with delays {Tp} and Doppler shifts {ﬁp}
- T and Af are symbol period and signal bandW|dth, respectively.

Frequency non-selective (flat): {7, = 0}52_01

- All paths arrive within one symbol period T'.

- This requires signal bandwidth to be smaller than coherent bandwidth A f < B..

Time invariant (slow): {¢, << Af}

~ J2m9pn
- This implies that h,e2™pnT = h e a7 remains near-constant over a symbol period of 7.

- This requires signal period to be smaller than coherent time T" < T..

~ 3271'19 n
Block fading: { N9, << Af} ' sothat {hpe &7 i f ' remains near-constant over a frame

duration N¢T.
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Jj2mdpn

e The discrete-time received signal model: y,, = (Zf;:_ol hpe A7 ) Sn + Un = hnsp + vn

e SAGIN Ricean fading: h,, = h0S 4 pNLOS

j271'19LOSn ~
- LoS associated with (p = 0): 1S = |/ Eqe” A7, where hg = |/ 557 and
9o = 9-°8 = fp cos(6p). The maximum Doppler frequency is fp = 2Le.

~ j2mdpn
- NLoS associated with (p # 0): RNLOS = (25;11 hpe iy ) ~ CN(0, ) for large P. The
i - NLoS (pNLoS x| _— _ 1 27 fp A
correlation based on Jakes model is £ [hn O (hpy PR n) ] = %1170 (#”)

e Channel estimation: pilots and MMSE interpolation based on the known LoS hL°S and NLoS correlation.
e Differential encoding and non-coherent detection:

- Differential encoding: s, = sn—12n—1

- Received Signal: Yn = hnsn—1Tn—1 +vn & (yn—l - 'Un—1>37n—1 + vn, When hy, = hp—1.

- More robust non-coherent detectors operate based on the known LoS and NLoS correlation.
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R \ZR, YR, 2R)
e The source-destination (SD) link: hSP.
> e The source-RIS (SR) link: 3" r=1,... R.
(@5, 35 25) D e The RIS-destination (RD) link: h7P7, r =1, ... , R.
;jggrce (zp,Yp,2p) e The RIS phase rotations: o], r =1,--- | R.

D=Destination
e The received signal at the destination node:

R
Yn = (h;Q;D +> a;hﬁRrhﬁDr> Sn + Un

r=1

e The receive SNR is maximized when Za”, = ZhSP — /hSRPr where Ry 0 = KON RRPT  This is
n n
|hSPRSOT|

equivalentto o], = . In this way, the received signal becomes:

R SRD,.
_ 80 (g4 2= T
i hSD) m

e Summary on suitabilities: (1) 5G uplink; (2) Low range so that Tmax < T'; (3) Low rate so that Af < Bg;
(4) Suitable for high-mobility with robust non-coherent detection; (5) Suitable for energy-efficient
techniques with low PAPR; (6) Suitable for single-/reduced-RF MIMO including SM and STSK.
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e OFDM parameters: (1) Subcarrier spacing (SCS): Af; (2) Total bandwidth: NA f; (3) OFDM duration:

T_

Sampling period: =L

Af’() NAf

e From the generic received signal model:

y(t) = ffﬁ(T st — 7)ed2 0 E=T) drdy + v(t)],

= = ~A7
where h(r ¥) = Z h pO (T —1p)o(Y — )| 1T 1
— N — NAT
e Frequency selective: +: < Tmax < T
- The P paths fall into L resolvable TDL 7, = % = NAf, wherel =0,--- ,L — 1.

The total bandwidth may exceed coherent bandwidth NA f > B, but each sub-channel is flat
Af < Be.

Frequency selectivity imposes inter-symbol interference (ISl) in the time-domain (TD), hence
frequency-domain (FD) signal processing.

e Time invariant (slow): {9, << Af})"]

j2m9pn ~ Jj2m9yp
This implies that {hpe NAT ~ hpe A7 }N_ ! remains near-constant over a OFDM period of 7.

This requires OFDM period to be smaller than coherent time T < T..
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TD received signal of the i-th OFDM symbol: %, = S° " hlst _, + o),

SAGIN Ricean fading:

. j2rot0Si
- LoS: hg’LOS — ,/KLHe A7 isinl =0.

L P_1 — Jj2mdpi 1
- NLoS: h; = (Zplzpl_l hpe AF ) ~ CN(0, m) for large P, over 0 <1 < L — 1, where
P =Y.' P.. The NLoS correlation (Jakes model): E [hf(hfrm)*] = &z o (%Q}Ai).
e OFDM operations - FFT at receiver: y = Wyy =
- Frequency-domain (FD) modulation's € CN*1, Dys + Wyv, where Dy =
- IFFT at transmitter s = Ws, where Wy € ¢VXNV W yH W4 is a diagonal matrix.
denotes DFT matrix. - FD input-output: %, = hi5, + Uk,
- TD received signal y = H.s + v, where H. is a where hj, = ZL:_Ol hzw&kl is the
circulant matrix, i.e. row n + 1 is right-shift of row n. k-th diagonal element in D ;.

Channel estimation: FD/TD pilots and MMSE interpolation based on known LoS and NLoS correlation.

; : ‘A ot ot—1mi—1 —i =i =
Differential encoding: 5}, ='s,” "z, " ors; =35, T} .
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e RIS application

SD link: zl _0—1 hePsn 1,

. SR_
SR link: yo" lL R
7,RDy- SR LSR1 —LRP 1 . SR, ; RD,
SRD link: Zl = lg Yn— lo le =0 lo=0 an—lzhll hlg Sn—l1—l2

Overall received S|gnal'
SR
—1

_ LS —1 18D LRD—l SR RD -
Yn = Zlo =0 h Sn— lo + Z =1 Ell —0 Zlg:O a;_bhll ’I“hl2 rsn—ll—l2 +ou, =
zL:—Ol hiSn—_1 + vn, Where L = max(LSD’ ISR L [RD _ .

Configure RIS based on LoS: Za™ = £hSPt0S — zpshrLoSpRDrLoS for |arge Ricean K.

e Other multi-carrier waveforms:

OFDM-IM can improve OFDM throughput and improve noise resilience — at the cost of IM complexity.

DFT-S-OFDM can improve OFDM’s PAPR and achieve frequency-diversity order of L (improve
Doppler resilience) — at the cost of out-of-band emission.

CE-OFDM can improve OFDM’s PAPR — at the cost of non-linear noise.
ZT/UW can eliminate OFDM’s CP overhead — at the cost of throughput loss for guard interval.

UFMC can improve OFDM’s out-of-band emission — at the cost of compromising SC orthogonality.
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e From the generic received signal model:

= [ [ h(r,9)s(t — 7)eI2™0E=T) drdy n
f~f (1,9)s(t — T)e T7dY + v(t)]_nr _ -
where  h(7,9) = >0~ hyd(r — 7)5(0 — )|, 1r e
o Frequency selective: mmax > -
LT : L—1.

- The P paths fall into L resolvable TDL 7, = 57 = VAT wherel =0, -,

- Frequency selectivity imposes ISl in the TD.

e Time varying: fp becomes compariable to A f
j2mdpn
Assuming {¥, << MAf}P 1_ h e TMAT still remains near- constant over a sampling perlod

but varies forn = 0,--- , M — 1 within an OFDM period T, i.e. M < T¢.

This implies that the circulant H. becomes time-varying from row to row, and the FD CFR matrix
Dy = WNHCW]I% is no longer diagonal, which imposes inter-carrier interference (ICl) in the FD.
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e TD received signal: y, = S X~ 1h

e SAGIN Ricean fading:

n,l1Sn—1 + vn,

j27r'19|‘osn

_ . ,LoS _ K TMAT i _
LoS: hp’s = £/ 737 € f inl=0.

j2n9p(n—1)

- NLoS: by, = (Efl:;il hpe  MAF ) ~ CN(0 ,m) forlarge P,over0 <1< L — 1,

P =33/ Pi. The NLoS correlation (Jakes model): B(hnihiy an ) = iz Jo (25257 ).

e Channel estimation and signal detection in FD/TD suffer from ICI/ISI.
e Differential encoding and non-coherent detection in FD/TD suffer from ICI/ISI.

e RIS application

- SDlink: > _—1h8l Sn—1g
: SR_
- SRlink: yp" = le:o ! hnl Sn—1y

SR RD
L —1 L7 —-1 SR, RD,-
Z Zl =0 an lo h’n lg,llhn lo Sn— l1—1lg

- SRDlink: YF 25t A0

- Overall received signal
LSD

Yn = Zlo =0 h n,lg Sn—1g Z =1 Z ZZQ =0 Ozn l2hn lQ,llh’rLl Sn—11—1l5 + v, =
ZlL:_ol b, 18n—1 + vn, Where L = max(LSD, LSR 4 LRD _ 1),

- . SD,LoS SR,-,L0S; RD,.,LoS
- Configure RIS based on LoS: Zaj, = Zh, ™27 — Zh (P hy 0707,

nl2 n— l2 l1=0
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ISFFT

Heisenburg
Transform

s(t
( ). Channel

y(t)

Wigner

S0y T isET
. Delay—Doppler Domain

y(t)= [ ITL(T, 9)s(t — 1)el2 0 E=7) drd + v(t)],_
where  h(r,9) = S0 hyd(r — 7,)8(9 — 0))|
Tp=—

P—1~
glk,1] = > hpe
p=0

:E[n, m s[n, M| "Channel
.—L IDFT h(7, V)

e From the generic received signal model:

yln, m

~ SFFT ——»
nlT _  n
M — MAFf

<
>
<
N

e Orthogonal Time Frequency Space (OTFS) modulation is specifically designed for doubly selective
fading, where P propagation paths are resolvable and time-invariant in the delay-Doppler (DD) domain:

TMN §[<k—kp >N, <l—1lp >
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Time—Frequency Domain

| - sln,m n,m _n;mi ylk,l
Sk rsppr 120 DT | %han{;)el l orT |2 srpr P
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e ISFFT at the transmitter:
s, ] = o Saly ity Sk twifwy ™ 8 = F{SFu
e |IDFT at the transmitter:

sln,m] = - Y=g Sln,mlw™ = = S Sk, mlwiF S = SFE, = FS

e Fading channel: h(r,d) = 25;01 hpd(T — Tp)8 (0 — )|
Tp=

y[n,m] = ZlL:—Ol Fonm 180, < m — 1 >p] + v[n, m]
j2mOp[n(M+Mep)+m—Lp]

P—-1 = P—-1 7  kpn(M+Mcp)+m—I
where Ay mu=>_,1p | hpe MAS =2 olp_, hp’wz\}oz[v v 2 =1,
Y [n,:] = S|n, :]HgIR,n + Vin,:], where Hgr ,,(7,¢) = hn,r,<r—c>

P paths fall into L resolvable TDL 7, = Mlgf, where each TDL has P, paths.
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Time—Frequency Domain

! - s[n,m n,m y[n, m ylk,l
LA IRy i I e | %han3§1 ul oET |2 serr |07

e DFT at the receiver:

yln,m] = r > m—o Yln,mluwyM ) Y =YFu
- \/—M > m—o 11;01 hps[n, <m —lp >p]w J\gz[\rrrb(MjLMcpHm ' war
e SFFT at the receiver:

gk, 1) = —a= S0 z y[n mlwy" wiy
= e SNC) M S yln mwy T = o SN g, g
_ \/—Z ZP 1hp MJ[G"(MjLMCp)H e ]s[n <l —1lp >pJwy™ + 9k, ] m,py~0
z\/_z EP 1h n(k k)wﬁff’](\l,_lp) n, <l—1p >n] + vk, ]
= NZ Zk’ OZP 1h n(k k)wzvljjz(\i lp)N[k’ <l—lp >M]’wnk +”‘7[kal]|k'=<k—kp>N
= P e P)~[< k— kp >Ny < L= Ly >nr] + 3k, 1]

~

Y = FyYFI =FyNY
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e |f one CP is added to the entire OTFS frame, the TD circular convolution becomes MN-periodic:

L—-1
y[n,m] = Z honm 18[< nM +m — 1 >pn] + v[n, m]
=0

sln, < m —1>], m 2> 1

s[<nM+m—1>pyn] =
sln — 1, <m—1>p], m<l

e As aresult, the input-output relationship becomes:

P—-1
gk, = > hpT(k, 1 kp, 1)< k — kp >n, <1 —lp >n] + V[k, 1]
p=0
T(k, 1, kp,lp) = iy 2 b
» vy vpy Up w;](k_k:p)w;g](\fv_lp) _ ’lU;]k’IUf\Z;](\]<l_lp>M), | < lp
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Heisenburg S(t). Channel y(t)l Wigner yln, m] ylk, 1] |
Transform h(T ) ?9) Transform '

J:MP ISFFT

e ISFFT at the transmitter:

P N—1<M-1-~= —mlq
sn,m] = \/Jilf—M > k0 im0 Sk, Juifwy™  S=FNSFy

e Heisenburg Transform at the transmitter:

—1 M—-1—

N — ) 27TM —_n
s(t) = \/LM Y om0 Xm0 SN, M|gtz(t — nT)el? Af(t T)|t:

M+ M +
n( MCP) m TanT+ T

8[’)’2,, m] — ﬁ Z%:_Ol g[nam]gtm(%T)wEm — Sl[”? m]gtw(%T)

where s'[n,m] = = 30 7 Sln, mlwi™ = < 300 Sk, mlwRf, 8" = SF{ = F{S.

e Received signal:

y(t) = [ | S0 Fpbl(r = m)8(0 = Vp)s(t = el I drd) + 0] uragg) o

— il T,
™= wap? = N7
yln,m| = lL:_Ol P m 18[n, < m —1>p| + v[n,m] where hy, ,, 1 = ZZI;ZZ_P]Z-_Z/prﬁ][\?(M+MCp)+m—lp]
Y([n,:] = S[n,:|H{g , + Vn,:], where  Hcr 5 (r,¢) = hn,r,<r—c>y
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Heisenburg S(t). Channel y(t)l Wigner yln, m] ylk, 1] |
Transform h(T ) ?9) Transform |

J:MP ISFFT

e Cross-ambiguity function of ideal waveform with bi-orthogonal property:
_ * (4] N p—j2mf(t' —t) g4/
= §[n]d[m] for k € [miny kp, maxy, kp| and I € [miny, I, maxp 1]

e Wigner Transform at the receiver:

y(t, f) = fg;"k:c (" — t)y(t/)e_j27rf(t,_t)dt/|t=nT,f=mAf,Mcsz
gln, m) = F SN SM T g (0= )T + 22T gl 7 M

/I N\~ kplnM-+m'— n'—n m'] —r  —
=ﬁ2f¥/: 10210 0 grm( —n)T—I—%J)hps [n’ <m’—lp>M]wf£N * lp]wM ml( )M+ lH}[nﬂn]
1« m’ m'— —lp m' —m)N—k n'—n) M+m
= A e b () TR gk =g N A
thS/[’l’L <m lpm]ug(m m)N—k ][(n —n) M4+m/] k]\/—[r'rJLVM—I-m —lp ]w&m[(n/—n)M—i—m/]_'_ W[TL m“n g
— \/—Mzm’:O I}; 01 hps'[n<m/—lpy>wy; p(nM lp)w;/[mm +v[n, m| = M Z y '[n, m]w_mm

where y’[n, m]zzg 01 hpw }C}?VM p) g1 [n<m/—lpy>]+vn, m), Y=Y'F s, Yn,] :S’[n,:](H&IRﬁ)Il—V[n, ]

and Hé:m (r,c) = hn,0,<r—c>,, » Which is no longer time varying within the n-th OFDM symbol.
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______________________________________________________________________________________

__________________________________________________________________

Sk, 1 5[n,m] [Heisenburg S(t)l Channel | Y(0) Wigner yln,m]. ylk, 1]
| ISFFT 1 Transform h(t,v) ™ Transform SFFT ———»
_____ Delay-Doppler Domain
e SFFT at the receiver:
M 1 kTl
ylk, 1] = \/— Z y[n mw Wy

~

nk m(l—m)

M\/_Z Z m= Oy[n mjw " wy
\/—Z y[n Hwy _nk

e DI Dt 1hp v M) o, < L — 1y > aJwy™ + BTk, 1)
\/—Z Z n(kp k)wMjg pS/[’n <l—lp >M]—|—’U[k l]
Ly NN Oz R T A AR B NS o )

Zp th M"}{'}p’s”[<k kp >N, <l—1p >n] + 0k, ]

Y =FyYFZ = FyY’
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e OTFS input-output relationship in matrix form: y = HX + v, y € CMN*1 5 — gk, 1], X € CMNx1,
% = Tlk, 1], v € CMNXL S — 3k, I, k= |£&],1 =k — kM, H € CMNXMN

- OTFS based on PS-OFDM: H,.,, = hpwy 27, 0= Mx <k —kp >n + <1 —1lp >
- OTFS based on OFDM (Symbol CP): H,. , = hyw? ')

- OTFS based on OFDM (Frame CP): H,.,, = hpT(k, 1, kp,lp).

- MMSE detector: Z = (H?H + NoI;n) HHy.

- Message Passing (MP) detector exploits the sparsity of H.

e OFDM and DFT-S-OFDM:
- FDE:Zm =¥,,/hm, 0 <m < M — 1,
- FD-MMSE:z = (H H + NoI,)~'H y, where H = W yHggWE.
- TD-MMSE: z = (HgRHCIR + NOIM)_ngRy.

- Message Passing (MP) detector can also exploit the sparsity of Hgr.
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e Example: N =3, M =2, P =3, [kp, lp] = {[2,0],[—1,1],[-2, 1]}.

e OTFS based on OFDM (Symbol CP):
glk, ) = S0y §TPS[< k= kp >, < L= 1y > ]+ Tl

~

T glo,o] 1 [ o ho hiwi 0  hew? 7 [ 3[0,0] T
7[0, 1] 0 0 hi  how? hy O 510, 1]
glt,o) | | 0 howd 0O 0 ho  hiwg 3[1, 0]
1,1 | | ha © 0 0 hi  how? 3[1, 1]
72, 0] ho hiwi 0  hew? 0 0 512, 0]
| 712,11 1 L hi how? hy O 0 0 1L 3[2,1] |
e OTFS based on Pulse-Shaped OFDM:
Gkl = S0 hpwy 2 PSI< k — kp >N, < L=y > 0] + Tk, 1
T glo,o] 1 [ o 0 ho hiwl 0 how? 7 [ 3[0,0] T
[0, 1] 0 0 hiwg  ho haw? 0 510, 1]
yl,00 | | 0 haw? 0 ho hiw! 3[1, 0]
gi1,1] | | haw? 0 0 0 hiwg  ho 3[1, 1]
7(2, 0] ho hiwl 0 haw? 0 0 312, 0]
| 72,1 1 L hiwl  ho haow? 0 0 0 1L 32,1 |
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Frequency

. Pilot - Guard I:l Data

R
AR RN
SRS R SR

(a) Frequency Domain (FD) CSI estimation

(c) Delay—Doppler (DD) Domain
CSI estimation

[T ETT]
—
> L

e Advantages of OTFS:

- OTFS achieves a diversity order of P, which improves Doppler resilience.
- Channel estimation in DD domain is lower complexity than channel estimation in TD.

e Disadvantages of OTFS:

- Pilot percentage and detection complexity increase with P.
- Equalization is required for signal detection.

e Differential encoding and non-coherent detection of OTFS will have to ignore NLoS taps.

e RIS application and configuration can be done in TD based on LoS in the same way as OFDM.

(b) Time Domain (TD) CSI estimation
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e Assume one antenna at source node, one antenna at destination node and R RIS elements.

SD kSD (nM+m—1p,)
—1 SD _ P> -178D Ipg
* SDlink: El e mto Snam—lo = 2pg=0  I'p o WMN Sn,m—lp, |b(k§8,lpo)=1,lpo =lo
e SR link:
SR, _ ZLSR—l SR _ ZPSR—l 7SR, T (nMAm—lp,) |
Yn,m — 11=0 n,m llsn m—1ly — p1=0 P1 wMN Sn ﬂz—lp1 b(kSRT lpl)zl,lpl —Iq
e SR-RD link:
ZLRD—l pRD- SR ZLSR 1 ZLRD—l SR, RD,
lo=0 n,m l2 n m—lgyn m—lg Rl lo=0 X ym—Ilo n,%—lg,ll n,m,ly °M,m—1l1—l2
— Zpl =0 p2=0 an,m—l pl MN MN Snam_lpl —lp2

where b(ko." 1y, ) =1, Ipy = l1, b(kpo  1py) = 1, Ipy = La.

e Received signal in TD:

SD SR __ RD
Yn,m = Zlo =0 n , 1M losn m—lo + Z =0 Z le =0 n m—lg hn,m—lz,llhn,m,lg Sn,m—1I1—lg

L—-1
—|— Unam - Zl:O hn,m,lsn,m—l + vnam

where the total number of overall TDL taps is L = max(LSP, LSR 4+ LRD _ 1),
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e How to format the time-varying RIS phase rotation «, ,,, in DD domain?
k(nM+4+m-—I1),

- General rule for hy, ,, 7 is ﬁprN : time-invariant ﬁp, Doppler index k£ and delay index I.
RIS
- Similarly, a7, ,,, can be represented by &”’w@ N(”M ™M) in DD domain with a time-invariant tap a”

and a virtual Doppler index kRIS
- RIS is frequency non-selective, i.e. it cannot be tuned for different TDL taps, hence no delay index.
- RIS can now tune the Doppler difference between the SD link and the RIS-reflected links.

- RIS configuration is simplified to setting the time-invariant &” and kR!Sr.
e SR-RD link with b(k3"",1,,) = 1 and b(kRo", 1,,) = 1:

pSR_1 pRD 4 RD RIS SR RD RIS
&T%SRT%RD”w(kpzr—i_k "py w(k?plr-i-k?pzr +ETET ) (nM+m—lp, _lpg)s
Z Z P1 P2 M N MN n,m—lp,; —lp,
r1=0 p2=0

P—1
p=0

kEp(nM+m—Iy)

e Received signal with DD representation: yr,.m = >0 5 hpw,? Snym—1, + Un,m
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e The time-invariant tap in DD domain:

~ _ 7SDy,;.SD & ~sR.~RD,. (Koor+kMST)1, SR RD
_ ~ P 1
hp = BSPO(RSP 1)+ S0 > @ RSRr ROy v b(kSP 1, ) b(KRO" 1)

e The Doppler index and delay index:

k3P, b(k3P,1p)=1, - ISP, b(kpP, 1p)=1,

kp:
SR, RD,- SR, RD,- SR, RD,-
kpl +kp2 +kRIST7 b(kpl ) lpl)b(kPQ ’ lp2 ):1' lpl +lp2, b(kpl ) lpl)b(kPQ ) lp2 ):1'

e The total number of resolvable paths in DD domain (kSP, 1))y, U (kph™ +kps ™+, 1y +1ps )vpy vps -

e Configure RIS based on LoS:

RIS, — £.SD SRy RD;- ~r _ ,77SD 7SR 7RD

. SD,LoS
. . ,SDlos _ [/ gsp_ 127Y (MMtm) — ~gp kSP(nM+m)

n,m,0

SR SR
. . 1 SR,.,LoS / KSR ko "(nM+m) 7SR, ky "(nM+m)
- LOS tap Of SR link: hn’,’%’o — KST—H [aR|S_AOA]rw1\4ON — hO T’U)]wON .
RD RD
. ., RD,,L0S  / KRD kg "(nM+m)  TRD ko " (nM~+m)
- LoS tap of RD link: hn,,,;;,o = KT—H [aR|S_AOD]7~’UJMN = hO TwMN .
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e The maximum delay indices of SD, SR and RD links: LSP, LSR LRP. The maximum delay of the
RIS-assisted system: L = max(LS®, LSR 4+ LRD _ 1),

e The maximum Doppler indices of SD, SR and RD links: k52, , kSR | ERD  The maximum Doppler index

of RIS configuration: kRIS = &2+ kSR 4 kR0 . The maximum Doppler index of the RIS-assisted

system: kmax = ko8, + kRD 4 kRIS |

e The total number of resolvable paths in delay-Doppler domain: PSP < LSP(2kSP. + 1) without RIS and
PSP < L(2kmax + 1) with RIS.

-©- Time domain, RIS-assisted
-~ Delay-Doppler domain, RIS-assisted

-©- Time domain, RIS-assisted
-~ Delay-Doppler domain, RIS-assisted

-©- Time domain, RIS-assisted
-~ Delay-Doppler domain, RIS-assisted

-©- Time domain, RIS-assisted
-~ Delay-Doppler domain, RIS-assisted

-@- Time domain, SD only

-@- Time domain, SD only

-@- Time domain, SD only

-@- Time domain, SD only

-@- Delay-Doppler domain, SD only -@- Delay-Doppler domain, SD only -@- Delay-Doppler domain, SD only -@- Delay-Doppler domain, SD only

100 \ 100 90 T N N /> T T T T T />
USSR IR 336 thptl (~High-Spebd T o totl Hidb-Soel
oy 336 mph (~High-Speed Train) oy 336 mph (~High-Speed Train) 4 o 6PGI({ (Sébanp - 180 *;’3_62?}‘1{( HEE Sgeed Train) X
"fc=2.6 GHz (S-band) 7] "fc=26 GHz (K-band) ] g0 [e=20 Gz (5 . e GHz (K-band) 7
%0 | Af=15 kHz _ 50 LAf=120 kHz _ rAf=15 kHz 1 (Af=120 kHz ]
-M=64, N=32 1 -M=64, N=32 1 70 TM=64, N=32 7 Lao |M=64, N=32 ]
L, 70 Lplooy i . . 70 =061 . 2 p'=2L) 7 . | P'=0.6L' |
T o | I=SD.SR.RD 1 % 4 _SDSR.RD £ 7 | i=SDgR.RD | £ 120 |-i=SD.SR.RD ]
f: 1 LE« 1 f: 5o | max gélay: 4us N f: 00 i max delay: 80! b
o 50 - 2 50 - 2t 102
8 18 1 8 40 - -+ 8 I |
£ 40 - E 40 - 1 g 80~ N
Z 1z T Z a0 Szl |
30 — 30 — I | 60 — .
20 . 20 D 20~ - 40 - —
10 10 10 20 — _|
0 O 0 I | | | | | 0 i | | | | |
4 5 6 200 400 600 800 1000 1200 2 4 8 16 32 64 2 4 8 16 32 64

Maximum delay (us) Maximum delay (ns) Number of RIS elements Number of RIS elements
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-l Perfect CSI, SD only
4+ FD CSI estimation, SD only

E TD CSI estimation, SD only

—@- Perfect CSI, RIS-assisted
- FD CSI estimation, RIS-assisted

- Perfect CSI, SD only

—@-— Perfect CSI, RIS-assisted

- DD CSI estimation, SD only

@ TD CSI estimation, RIS-assisted

-©- DD CSI estimation, RIS-assisted

4+ FD CSI estimation, SD only
E TD CSI estimation, SD only
- DD CSI estimation, SD only

T T T T
OFDM, M=64, N=32, f&=2.6 GHz, Af=15 kHz

-6 FD CSI estimation, RIS-assisted
@ TD CSI estimation, RIS-assisted
-©- DD CSI estimation, RIS-assisted

- Perfect CSI, SD only —@- Perfect CSI, RIS-assisted
4 FD CSI estimation, SD only

E TD CSI estimation, SD only
- DD CSI estimation, SD only

-©- FD CSI estimation, RIS-assisted
@ TD CSI estimation, RIS-assisted
-©- DD CSI estimation, RIS-assisted

K5 =K *=2dB K""=6dB, 7,,=4 115,200 mp
o o O=f, =778 Hz, f;," =0 Hz |
P'=2L', i=SD/SR/RD, RIS(R=4)
10°
o
m
[an)]
10°
10*
10° : ©
20 -10 0 10 20 30 40
SNR (dB)

T T T T 10
OFDM, M=64, N=32, f¢&=2.6 GHz, Af=15 kHz

SD_

K**=2dB K*P=6dB, 7.,,,,=4/15 400 mp
i =fp "=1556 Hz, " =0 Hz | .
P'=2L', i=SD/SR/RD, RIS(R=4) 10

43 PS-OFDM based, SD only

SNR (dB)

- PS-OFDM based, SD only
5 OFDM based (Symbol CP), SD only
44 OFDM based (Frame CP), SD only

- OFDM based (Symbol CP), SD only
- OFDM based (Frame CP), SD only

-©- PS-OFDM based, RIS-assisted
-©- OFDM based (Symbol CP), RIS-assisted
-©- OFDM based (Frame CP), RIS-assisted

-5} PS-OFDM based, SD only
<=} OFDM based (Symbol CP), SD only

<=} OFDM based (Frame CP), SD only

OTES, DD CSI Est.
M=64, N=32

BER

Af=15 kHz
£,=2.6 GHz |
K°=2 dB
Tmax=4/l‘s

T T T T
OFDM, M=64, N=32, fd=2.6 GHz, Af=15 kHz

SP_Kk R =0dB K"P=6dB, 7,),,=4/15,600 mpl
. fip°P=f, "=2334 Hz, f,"=0 Hz
¥=pL. i=SD/SR/RD, RIS(R=4)
S =
10°
o
M
m
10°
10*
10° |
40 20 -10 10 20 30 40
SNR (dB)
£} PS-OFDM based, SD only

-B - OFDM based (Symbol CP), SD only

-B‘ OFDM based (Frame CP), SD only

£} PS-OFDM based, SD only

-[£} OFDM based (Symbol CP), SD only
-B - OFDM based (Frame CP), SD only

-© ' PS-OFDM based, RIS-assisted

-@‘ OFDM based (Symbol CP), RIS-assisted
-@‘ OFDM based (Frame CP), RIS-assisted

-©  PS-OFDM based, RIS-assisted

-@ - OFDM based (Symbol CP), RIS-assisted
-@ - OFDM based (Frame CP), RIS-assisted

SNR (dB)

T T T T 100 T T T T
" OTFS, Perfect CSI " OTFS, Perfect' CSI
M?6S4D, oot E ﬂ 1\f/l=gi,f 1\§§i§894H
107 p =3894 Hz | 107! (& Ip ;DD = Z)
Af=15 kHz 8] £,°°=0,Af=30kHg
£.=2.6 GHz f.=2.6 GHz
1072 =2dB 102 KP=k*2s 4R
Tmax=414s KRD= 6 dB
Tmax=41$
10° 107 RIS (R=4) |
10" 10*
10-5 I [ | gl | L 5 . | |
20 410 0 10 20 30 40 10

SNR (dB)

|
-20 -10 0 10 20

0 10 20 30 40
SNR (dB)

M=64, N=32

OTFS, DD CSI Est.
b =, R =8894H;
(B, P_0, Af=30KH}

. X f.=2.6 GHz
L g @
107

< KSD=KSR=2 dR

SNR (dB)

OTFS, DD CSI Est.
M=g4, N=S32
o =, =8894H
B, °_o Af=60kH
‘ £=2.6GHz

= KSP_k R0 4B

1

A
®
' v K*=64dB
\ S Tmax=4118
' RIS (R=4) _|
1

[}
[}
|
|
[
[
]
N R
20 0 10 20 30
SNR (dB)
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o é%%%?% s - ;
Vehicle—to—Vehicle Train Civial Aviation Supersonic UAV Hypersonic UAV Low Earth Orbit
Distance 300 m 500 m 10 km 20 km 20 km 2000 km
Speed 100 mph 336 mph 671 mph Mach 3 Mach 12 Mach 25
K5P = -3 dB K5P = -3 dB K5 =3 dB K5 = —3dB K5 = —3dB K5P =2 dB
Ricean K KSR = _3dB KSR = _3dB K% =3 dB K% = —3 dB KSR = _3dB KSR =2 (4B
KRD = 3dB KRD =3 dB KRP — ¢ dB K®P =6 dB KRP =6 dB KRP — 6 dB
Tnax S—band: 4000 ns S—band: 4000 ns S—band: 600 ns S—band: 600 ns S—band: 400 ns S—band: 100 ns
K-band: 800 ns K-band: 800 ns K-band: 250 ns K-band: 250 ns K-band: 120 ns K-band: 40 ns
D o |S~band: PT=[2%=] [S-band: P'= 23] [S-band: P’ = [2Rp=] |S-band: P"=T5R5] [S-band: P =T*3] |S-band: P =535 ]
i=SD/SR T T Tmax
i RD |K-band: P! = [20Tmax 67“;a"-| K-band: P! = OGT‘““] K-band: P’ = [OGT‘“‘“] K-band: P’ = [0z maq K-band: P = [0fme max} K-band: P’ = (04 |
Af S—band: 15 kHz S—band: 15 kHz S—band: 30 kHz S—band: 60 kHz S—band: 240 kHz S—band: 480 kHz
K-band: 60 kHz K-band: 120 kHz K-band: 240 kHz K-band: 960 kHz K-band: 3840 kHz K-band: 7680 kHz

(a) Near—field, downlink

SD __
D —JD »

KSD

¢k

(b) Near—field, uplink

=

SR RD =0 ZS)D: IS)R BD:O
Y
— KSR < JRD KSD — SR < KRD

==

s
7
7
s
7’ \

\

(c) Far—field, downlink

SD __ rRD =0
D —JD >
KSD < KSR KRD

W i
A

(d) Far—field, uplink

SD SR fRD __ 0
=fpLJlp =
KSD < KSR KRD
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e Common assumptions

L' = Tpe, j =SD/SR/RD.

5G FR1: 0.8 GHz (UHF-band), 1.5 GHz (L-band), 2.6 GHz (S-band) and 4.7 GHz (C-band) share
the same parameters for Tmax, L* and P*.

5G FR2: 26 GHz (K-band) and 28.5 GHz (Ka-band) share the same parameters for mmax, L* and P~.

SCS Af is adjusted for different carriers f. to facilitate DD channel estimation, i.e. Af > 273X,

e Assumptions for near-field

RIS is considered part of the transmitter or the receiver.

The direct link and the reflected links have approximately the same path loss for d°P ~ d°E + qRP,

e Assumptions for far-field

Coordinates: (xs,ys,ZS) = (0,0,0), (acR,yR,zR) = (500,4, 0), (a:D,yD,zD) = (500, —2,0).

Path loss of SD/SR/RD link: PL=—101log; vlog;o d — 20 (2F) + GT* + G&=, where antenna gain
is available at the BS and user G, = 42 with aperture AZS = 80cm? and A¥s¢™ = 40cm?2.

22
KSP = _6dB, KSR = KD = 3 dB.
Path loss factors v = 3.8, v = ~yRBD = ASRED — 9 0,

Receiver sensitivity: -174 dBm/Hz.
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BER

BER

10

107

10°

107

10°

10°

10

-l OFDM, SD only
—€— OFDM, RIS random phases
-©- OFDM, RIS LoS$ configured

-+ OTFS, SD only
-@- OTFS, RIS random phases
-©- OTES, RIS LoS configured

=3¢ OFDM, SD only
—€— OFDM, RIS random phases
-©- OFDM, RIS LoS configured

4 OTFS. SD only
-@- OTFS, RIS random phases
-©- OTFS, RIS LoS configured

=& OFDM, SD only
—€— OFDM, RIS random phases
-©- OFDM, RIS LoS configured

4 OTES, SD only
-@- OTFS, RIS random phases
-©- OTFS, RIS LoS configured

w e ‘ 10 w e 10 w e
'''''''' DD CSI Estimation for OFDM ww DD CSI Estimation for OFDM ww DD CSI Estimation for OFDM
-------- DD CSI Estimation for OTFS « DD CSI Estimation for OTFS « DD CSI Estimation for OTFS
[ Scenario V2V 10! - Scenario Train 10" - Scenario Plane
f.=2.6 GHz(S-band f.=2.6 GHz(S-band f.=2.6 GHz(S-band
RIS (R=4) RIS (R=4) RIS (R=4)
2 10-2 [ 10-2 L
~ ~
aa) [Sa)
aa] o]
- 10° 10°
‘e 10" - e O VN -
5 \ : E 10° \ R, 10° \
-20 -10 0 10 20 30 40 -20 -10 0 10 20 30 40 -20 -10 0 10 20 30 40
SNR (dB) SNR (dB) SNR (dB)
-l OFDM, SD only = OTFS, SD only -le OFDM, SD only = OTES, SD only e OFDM, SD only = OTES, SD only
—— OFDM, RIS random phases | =@— OTFS, RIS random phases —— OFDM, RIS random phases | =@~ OTFS, RIS random phases —€— OFDM, RIS random phases | =@ OTFS, RIS random phases
-©- OFDM, RIS LoS configured -©- OTEFS, RIS LoS configured -©- OFDM, RIS LoS configured -©- OTFS, RIS LoS configured -©- OFDM, RIS LoS configured -©- OTFS, RIS LoS configured
B e 10 w e 10 w e
DD CSI Estimation for OFDM DD CSI Estimation for OFDM | BB .8 = | " DD CSI Estimation for OFDM
DD CSI Estimation for OTFS DD CSI Estimation for OTFS | [ CO@B~QL  E=<gH | DD CSI Estimation for OTFS
Scenario Supersonic UAV] 107 Scenario Hypersonic UAVM 10! - Scenario LEO
f.=2.6 GHz(S-band f.=2.6 GHz(S-band f.=2.6 GHz(S-band
RIS (R=4) RIS (R=4)
- 107 — 107 -
24
& &
[aa] [aa]
- 10° 10°
L 04 = 0 -
5 | o) 10° | : . 2 10° |
-20 -10 0 10 20 30 40 -20 -10 0 10 20 30 40 -20 -10 0 10 20 30 40
SNR (dB) SNR (dB) SNR (dB)
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BER

BER

10

107

10°

107

10°

10°

10

-l OFDM, SD only
—€— OFDM, RIS random phases
-©- OFDM, RIS LoS$ configured

-+ OTFS, SD only
-@- OTFS, RIS random phases
-©- OTES, RIS LoS configured

=3¢ OFDM, SD only
—€— OFDM, RIS random phases
-©- OFDM, RIS LoS configured

4 OTFS. SD only
-@- OTFS, RIS random phases
-©- OTFS, RIS LoS configured

=& OFDM, SD only
—€— OFDM, RIS random phases
-©- OFDM, RIS LoS configured

4 OTES, SD only
-@- OTFS, RIS random phases
-©- OTFS, RIS LoS configured

w e ‘ 10 w e 10 e
'''''''' DD CSI Estimation for OFDM ww DD CSI Estimation for OFDM ww DD CSI Estimation for OFDM
-------- DD CSI Estimation for OTFS « DD CSI Estimation for OTFS DD CSI Estimation for OTFS
[ Scenario V2V 10! - Scenario Train =~ 10" - Scenario Plane
f.=26 GHz(K-band) f.=26 GHz(K-band) f.=26 GHz(K-band)
RIS (R=4) RIS (R=4) RIS (R=4)
t e 107 — 107 —
~ ~
aa) [Sa)
aa] o]
- 10° 10°
- 10* - 10 -
5 \ 3 H 10° \ 2 10° \
-20 -10 0 10 20 30 40 -20 -10 0 10 20 30 40 -20 -10 0 10 20 30 40
SNR (dB) SNR (dB) SNR (dB)
-l OFDM, SD only = OTFS, SD only -le OFDM, SD only = OTES, SD only e OFDM, SD only = OTES, SD only
—— OFDM, RIS random phases | =@— OTFS, RIS random phases —— OFDM, RIS random phases | =@~ OTFS, RIS random phases —€— OFDM, RIS random phases | =@ OTFS, RIS random phases
-©- OFDM, RIS LoS configured -©- OTEFS, RIS LoS configured -©- OFDM, RIS LoS configured -©- OTFS, RIS LoS configured -©- OFDM, RIS LoS configured -©- OTFS, RIS LoS configured
B e 10 w e 10 w e
DD CSI Estimation for OFDM DD CSI Estimation for OFDM | BB .SRA.B — | "™ DD CSI Estimation for OFDM
DD CSI Estimation for OTFS DD CSI Estimation for OTFS | = [ O<@~G EBor<gg | DD CSI Estimation for OTFS
Scenario Supersonic UAV] 107 Scenario Hypersonic UAM 10! - Scenario LEO
f.=26 GHz(K-band) f.=26 GHz(K-band) f.=26 GHz(K-band)
RIS (R=4) RIS (R=4) RIS (R=4)
- 107 — 107 -
24
& &
[aa] [aa]
- 10° 10°
L 04 = 0 -
5 | 10° | 10° |
-20 -10 0 10 20 30 40 -20 -10 0 10 20 30 40 -20 -10 0 10 20 30 40
SNR (dB) SNR (dB) SNR (dB)
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=== OFDM, FDE, SD only

=== OFDM, MMSE, SD only | === OTFS, MMSE, SD only

—— OFDM, FDE, RIS(R=4) | — OFDM, MMSE, RIS(R=4) —— OTFS, MMSE, RIS(R=4)
= 79 -
S 18 E
3 17 ]
w2 1.6 -
% 13 -
= 14 —
S 13 : : : : E
— 1.2 : : : : —

-10 5 0 5 15 .20 "25 30
SNR (dB) :
(a) Ry (bits/sec/Hz) at K> =K "=-6 dB, K P=g. dB T —4,us 600 mph

->k OFDM, MMSE, SD only | -} OTFS, MMSE, SD only . SNR foﬁi;ﬁ‘f‘émg
-©- OFDM, MMSE, RIS(R=4) -e- OTFS, MMSE, RIS(R=4) e
25 25 SN

- -L s Dska | ] et kT ok -‘.- .n_- Lk |
~20 - Sfe- - - >‘<--- - *_ - a0 - - - K * :*
315 N 7N . -
Qz‘m V
X5
0
6 4 2 0 2 w4 6 6 4 2 0 2 4 6
(b) Effect of K>° (dB) (c) Effect of K™ (dB)
U EIUE St i i bl SN RS Sl Sl Shic Shic
220 —3k” — B2 —

S5 @-g-g-g-g-g-g Ss I N O B W,
Bio |- m10geeeeee

04 12

(d) Effect of Tnax (148)
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-4~ SD only
RIS-assisted(R=4)
—©- RIS-assisted(R=16)
—>¢ RIS-assisted(R=64) *°
10 H ‘ T ‘ T ‘ T 10

—

P, (dBm
S o

-20

Effect of xp, L-band, 'ySD=3.8

o1 T T T T 1
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SD=3

-4~ SD only 5
XD=50

—>¢— RIS-assisted(R=64)
30

| [ Gain by RIS(R=4)
B Gain by RIS(R=16)
B Gain by RIS(R=64)
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