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Core advantages

1. Simultaneously transmitting information while

sensing the environment

2. Utilizing the same set equipment and frequency

for both communication and sensing
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Research Bottleneck

v" Poor diffraction

capability, susceptible to
obstruction.

v" Sensing services usually
rely on the direct path.
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Reconfigurable Intelligent Surface (RIS)

Reconfigurable intelligent surface (RIS)

Maximize the beampattern gain at given angle 6
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High Resolution but Low SNR === Multiplicative Fading
Signals reflected off the RIS/Target mostly dissipate energy, resulting in an equivalent channel path loss that is a product of

individual path losses rather than their sum, i.e., B,; = B,5,5:5, -

N TEH B BRE
. . - 2
» Assuming the transmit » O0038688--=—-_. D -
" (U 0O 00O O T &
power of BS 1W and e {foooztal|. - i
the target located 10m S| /10080 OEX
= O s
away from the RIS, the : ;z J/ ;;;/@ @ FikE
received power at the by e (2~ (i) mimmsmeess
. . 2‘1 S0 ((( \\ //
BS is approximately %8 e . S R Y A IR ¢ \gp— - ﬁ -y
- =110 .
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Solution: Active RIS @
(a)

B Outperform the passive RIS
in communication systems.

active RIS element

mcident £
signal W‘ patch reflection-type amplifier RIS =
e — 2
—_— N
i matching coupling W~ B F 10 - .
T cireuit circuit [T 2. S | B In active RIS- ISAC systems,
pump phase shift } § . - - . 5
1 ircui h 3 -
varactor tnput e Shifc 2, L T poive, optimal power spliting the Slgnal can be amphﬁed
reflected d de | circuit // Active, equal power splitting . .
. . 10
s1g11a1 with phase shift: Zw, Lw, amplification gain: [w,| i thce, Counterlng
amplification GND reflection coefficient: exp(iZw.) \ reflection coefficient: W, % 50 100 150 200 250 300 350 400 450 500
' Number of RIS elements NV

(a) circuit of passive reflecting element

(b) circuit of active reflecting element

multiplicative fading.
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Beamforming Design

Active RIS aided ISAC Systems
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A Active RIS Model V1 Vo : The induced noise by the active RIS
// . . . .
: The first received signal: The second received signal:
e ;= U"AUGx + U"AUv, + U"
yi =UGx + Uv, Y2 X Vi A&
Transmit power constraint: Power Amplification Gain:
2 2 2 _
Obstruction \E[||y{||2+||yg||2]§PRIS |Un| Sa’RIS’n_]‘7 “.7N /
DFRC BS / Sensing Model SINR, = Tr(BRB"J 1) \
The received signal at the BS:
. Radar SINR, which is closely related to
/Commu'mcatl.on Model \ Y. = G"®"ADGx + GH(I)HA(I)Vl the KL divergence in the context of
The received signal of the k-th UE: + Gy, +G D"V, + G "DPGx + 2, EypOIEeSiS telsting with two alternative
Yor=h1,UGx + h{,Uv, +hi,x+ 2, ypotheses [1].
— Desired Signal
The SINR of the k-th UE B=GHU"AUG . Interference Plus
SINR, = hiR,h, — Interference Signal J=D-+ERE" <" Noise Matrix
B h ! (R—R,)h, +o%h, UU"h, , + 02 Noise Induced by D =0?CC" + o*G"U"UG + 01y,
\ ’ ’ / \ the Active RIS E=7nG"UG /

[1] Zheng L, Lops M, Wang X, et al. Joint design of overlaid communication systems and pulsed radars[J]. IEEE Transactions on Signal Processing, 2017, 66(1): 139-
154.
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Chal lenge 1: The inverse in the SINR, = Tr(BRB"J ) -

Radar SINR -
. . _ H
ﬁroblem Formulation \ . . - J=D -+ ERE :
[teratively optimizes the Radar
max  SINR, ©©~"  SINR by MM algorithm
’ _ MM (Majorization-Minimization)
st. SINR,>¢ k=1, K, Define X =BW ST -~
Tr (X" J'X) is jointly convex ® Majorization: Build an auxiliary
Tr (WWH) < Pgs, wrt. X.J function to replace the original one,
E [” | 24 Iyl 2} <p T ensuri.ng it is equgl to or greater than
Yillz Y2ll2| = Iris) Tr(X"J 'X) = 2Re(Tr (X! J;'X)) the original function at the current
9 B Lo :
\ |’Un| < Aris, N = 1 , 7Ny CTr(3X,XMT ) optimization point.
‘ o _ ® Minimization: Optimize the auxiliary
:::Erdmg to [42}. we obtain the following first-order deriva- function to obtain a solution that
Difficulties of Solving this Problem aixfrr(rlxx“) — 37X, (A2) approximates the original function.
» Coupled active RIS reflecting coefficients (XX - 3 A3) "
and BS beamforming matrices 5 . ‘
o5 I (XMI1X) = — (3Ixxtyt) (A4) ) |
. o . . substitutin 2)-(A4) into (A.1), the lower bound can (X[%e41)
» Radar SINR involves an inversion operation, by ot (2H A o (A1), the fower bound N
and exhibits non-convex characteristics Tr (X"I7'X) 2 2Re(Tr (X{I7'X) o
—Tr (37X XPI71T). '

By using the above derivations, we prove that the surrogate

> Quartic functi()n induced by the mu1tiple function satisfies the lower bound Condition 3 in Section I'V- Xe Xee1
A, and also satisfies Condition 1 and Condition 2. Hence, the

Self reﬂeCtion at the aCtive RIS proof is completed. Illustration Of the MM algorithm
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I Proposed Solver

/‘ Optimize the BS beamforming matrix W Initial point optimization for MM algorithm \
Achieving a high-performance, strictly feasible
max  f(W) initial point is facilitated by SDR method:

st. (14&1)(2Re(ml Wy, wh . h)—hiwy ., wlh ., h,) By denoting the feasible solution of the relaxed problem
i ,d & R R .-we can formulate the feasible solution of the

> h;'Rh; + d;, k=1,2,- K, l original problemas . _ R.h, R, —vw &
____________________ - c,k — = k— c,k Wk
Tr(WWH) = Pgs, " Communication ) VhiR;h,

K
A A H__ N » o, .
SINR, expressed as W, W, =R — ) R,«——— Cholesky Decomposition
k=1

the difference of

convex functions, is
Transmit power constraint of ' resolved using SCA. |
the active RIS ~ TTooTomToommommommeet ’

|IUPAUGW % +|UGW |7 <e.

- ==

Lemma 2

Provide a sufficient condition for feasibility in the
original problem based ZF precoding: IF there existsO

f(W) =2Re(Tr (WY B"J;'BW)) — Tr(J;'BR,B"J;'J) satistying
P IAGW" I3+ p* | GW* |4+ 20%0% + "o Tr(AA") = Py,

Rank(H) =K, 1=<p=<+/ans, Tr(Diag(&l,---,&K)(fIHﬁ)1)§PTy

which can be directly solved.

\ The original problem is transformed into a convex problem,
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I Optimize the RIS reflecting coefficient matrix U
Hilbert's 17th Problem

Solving multi-

dimensional high-order

The optimization of the quartic function

The lower bound of the Radar SINR:

SINR, =Tr (BRB™J ") optimization problems,
> 2Re(Tr(BRBYJ;)) — Tr(J;'B,RB!'J;'J) P or NP?
Tr(J;'B,RB}'J;'J) = Tr(TJ) Some of these problems
- o> Tr(T,G"U"AUU" A"UG) + 20" Re(TH(TG"UU"AUG)) +a. are NP-hard.
----------------------------------- v M
Cubic Terms Other Terms e When the optimization problem can be
expressed in the form of a sum of
The transmit power of the active RIS: squares (SOS), it can be solved through

TI'(UHAUGRGHUHAHU) ‘I‘ 0'2TI'(UHAUUHAH U) d ClaSS Of SDP algorlthms (P) [2]

Tr(UGRG"U") 4+ 20?Tr(UU") < Pgs.
-+ Tr( )+ 20 Tr( ) RIS [2] Lasserre J B. An introduction to polynomial

and semi-algebraic optimization[M]. Cambridge

------------ Quartic Function N
University Press, 2015.
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Joint Beamforming Design
i : : : : 16& RO B0 o068 000008 -_n_-‘-_ﬂ_--:ﬂ_--:ﬁ :- ---------------------------------------------
Algorithm 1 Joint beamforming for the active RIS-aided ISAC % Lee-rmmT" L - D F ast Convergence
system 1l |

Input: The maximum iteration time for the beamforming
matrix optimization t"**, the maximum iteration time for
the reflecting coefficient matrix optimization ¢5***, the max-
imum iteration time for the AO ¢™Ma*,

O Determined by the SI
:  cancelation coefficients :

Radar SINR (dB)
o

I: Set t = 0, generate a random reflecting coefficient v'.

2. Drop the rank-one constraint and obtain a feasible solution e - ?FRGE)T 0 ,
of the relaxed Problem (24) R} and R via CVX. g —e—npﬁc,ﬂlnjn

3: Calculate the beamforming vector W.j and matrix ) i ]"3"1“;(02“'_'1”“
W, according to (25) and (26), and set W' = 5L | | ‘ —@= Sens. Only, 5= 1

W, We i Wea, oo, We i |- 1 2 4 6 8 10 12 14 16 18 20
' ' ' Number of outer-layer iterations

4: Repeat
_ _ t . .

” %itpi;; - and Wo =W Fig. 3: Convergence behaviors.
7 Obtain Wy, ., by solving (23) with given W, .
AN _ — The computation complexity of optimizing
o Serts = 0and v = High _ the BS beamforming matrix is o, = O(K**N°)
': Repeat _ _ Computation
12: Obtain v¢,;; by solving Problem (53) with fixed v¢,. . =

3: to =t 1. . . . . .
L Until 1 s Complexity The computation complexity of optimizing

. t_ t_ _ . . . 1.5 A76
1 W= W v =V and E=14 _the RIS reflecting coefficients is o, = O(K N )

16: Until ¢ = ¢ma= y
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Performance Analysis

Active RIS aided ISAC Systems
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I Performance Analysis of the Active RIS aided Sensing Systems

Ideal Assumption:
» Sensing-only BS with single antenna

Basic idea: How the key parameters of this
system influence the sensing performance.

O Theoretical Problem: How much gain can Core work: > One amplifier is equipped on the active RIS

we get when the number of the reflecting App.roximate » The noise power is omitted in the transmit power
elements is extremely large? sensing SINR,

ie. of the active RIS

O Practical Problem 1: What is the optimal <:>
transmit power allocation between the
active RIS and the BS? SINR,, SINR

Simplified Problem: The interplay between the
beamforming gain f“and the power amplification

ow  gain O

. SINR 4 p4
O Practical Problem 2: Where to deploy the w SNR max ————5— Fo'f v
active RIS to achieve higher sensing SINR? off O +0 0" [ N +20°07Ng" +g

2
st. 0" <dg»

Po' NP, +Po*Ng” < By,
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Scaling order of the active RIS-aided sensing systems

aling order of the RIS-ai mmunication —
Sc g0 der o ¢ RIS-aided co HpIeato Theorem 1: For the active RIS-aided sensing systems, the

systems [3 ] radar SINR increases with the number of reflecting elements
® The SINR has a scaling order of N° due to noise N as N — oo according to
free nature of the RIS. . log, SINR_ 63)

N—oo log, N

® For MIMO, a transmit/received beamforming g
gain of M can be achieved. 5
. . . < ‘ SINR, g = ;;
Scaling order of the active RIS-aided ol L[S e
. . 40 100 200 300um ;1:](; 5?2 eCiGnOOeen:;I’::S 800 900 1000
communication systems [4] ; pumber of IS reflecing element
€ The SINR has a.scahng ord.er of N . g 00 B _-B:::t::f:::e:::gli.%
considering the induced noise at the active RIS. 2 ook g = =oAL
;5 8o 7 g %EE:{_E’M} 1w ||
€ In most case, the active RIS outperformances o " e e V)
passive RIS due to the power amplification Number of RIS reflecting elemens 10¢

gain. Fig. 4: Approximate radar SINR versus the the number

4 of RIS elements V.

[3] Q. Wu, et al. "Intelligent Reflecting Surface-Aided Wireless Communications: A Tutorial," in IEEE Trans. Comm., vol. 69, no. 5, pp. 3313-3351, May 2021.
[4] Z. Zhang, L. Dai et al., "Active RIS vs. Passive RIS: Which Will Prevail in 6G?," in IEEE Trans. Comm., vol. 71, no. 3, pp. 1707-1725, Mar. 2023.
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45 I T 1 1 T 1 I . . . . .
No power amplification gain constraint scenario
40 R _-:'!? """"""""" It means that the active RIS can always amplify the
m- " received signal when the transmit power increases. In this
351 | 1 scenario, it is advantageous to allocate the power towards
-@ as / -+ -N =16, aris = 40 dB the active RIS compared to the BS.
— 30T . - & =N =20, agis = 40 dB] Active RIS
% " N =16, agis = co dB
R -8 -N =20, agg = oo dB/]
o 1 UE k
S 20} | :
1 - = —— -
= Viaing _6_“‘0---—.9___ [c] . -*
/ - - - _ -
L e * ~.
/, Il + - _ =
B I UE 1
10 -
¥ (i) i-th hop of the
5 L | | | | | 1 sensing fign?l
0.010.05 0.1 0.2 0.3 0.4 0.5 0.6 ) e
Transmit power of the active RIS (W)
4773 02 2 6 D 2 AT 2
- ‘ ~ Fo'N°p;g” =107 Fo"Ng
Lemma 6: If Pta.R_ISNgZ > (), the optimal transmit 4 ...
power of the active RIS FPjq satisfies Ppg — €. Oth- The power of the The pow..e'r of the first

erwise, the optimal transmit power allocation should follow

. =, . second reflected signal reflected signal
\(C — Pis)aris Ng® = Py
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IActive RIS Deployment Strategy for a Moderate Number of Reflecting Elements

60

y
40
T~ UE2
( @ , g
(10 m =
- “ ] E' o —8— Act. RIS, Fus = 0.1 W, Qu. = 1 W, awss — 40 dB
vE 1—[_] Active RIS . 9o S Ay 00— W
\“— — It é -20 i ACE RTE?" Prs = 0.01 u'.-i Qut =1 W, apg = oo dB
[30m e s g e
(0 m, 0m) (( A)) Q === ’.%Z[‘arge[ -40°f 7
X o T——— ]
BS v ——
BlOCkage (6[] m? [] m) _8010 1I5 26 2‘5 36 3I5 4I0 4I5 50
If Pa, Ng’ > P, it is better to deploy the active Location of RIS x (m)
RIS near the target. Fig. 7: Radar SINR versus the location of the RIS z.

F-----------------------------------

Conclusion:
OO0 When the power amplification gain is tightly

r constrained, the radar SINR first decreases and then
oo (d¥ +x7) e (d” +(D—x)") ", increases as X, which is similar to the findings in the

Otherwise, we have 1
i
i
i
i
i
i
oc x 2™ (D = x)) 7 ,whend < min(x, D — x). : passive RIS-aided communication systems [4].
i
i
i
i
i
L

A })tQ4N4g4IBr2
SNR £ ~5—

which means that we should either deploy the

active RIS near the target or near the BS. O Put the active RIS near the Target is always a good

solution.
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I Review & Outlook

1948 Shannon Information Theory Provide Guidance for Communication System Design
2018 RIS From Adapting Environment to Changing Environment
2020 ISAC Mutual Benefits in Communication and Sensing.
Nowadays RIS meets ISAC Leverage strengths and compensate for weaknesses.
Future 777 ?777?

RISAC

Redefine the Intelligent Sensing and
Advanced Communication Network

We know the past but cannot
control it. We control the future but
cannot know it.
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