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v Background and Introduction

v Algorithm Design for IRS-Assisted Systems

Ø Classic Approaches

Ø System-Specific Algorithms

Ø A New IRS Model

v Potential Research Directions

Outline

RIS Frontier Technique Seminar Series 10 —— Xianghao Yu



3RIS Frontier Technique Seminar Series 10 —— Xianghao Yu

Background and Introduction
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v Two Limitations in Current Wireless Systems

Background

RIS Frontier Technique Seminar Series 10 —— Xianghao Yu

Ø Additional cost and power consumption are inevitably incurred

Large-scale antenna arrays for massive MIMO systems
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v Two Limitations in Current Wireless Systems

Background

RIS Frontier Technique Seminar Series 10 —— Xianghao Yu

Ø Additional cost and power consumption are inevitably incurred

Network densification with a large number of APs in small cells
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v Two Limitations in Current Wireless Systems

Background

RIS Frontier Technique Seminar Series 10 —— Xianghao Yu

Ø Additional cost and power consumption are inevitably incurred

Costly and power-hungry RF chains at mm-wave bands

RF Chain

RF Chain

Digital 
baseband

Analog
RF



7

v Two Limitations in Current Wireless Systems

Background

RIS Frontier Technique Seminar Series 10 —— Xianghao Yu

Ø Additional cost and power consumption are inevitably incurred

New paradigms that are energy-efficient, able to customize the
wireless environment, and spectral-efficient, are needed for

future wireless communication systems

Ø Performance of wireless communication systems is limited by 
the wireless channels which are treated as a “black box” and 
cannot be adaptively controlled as would be desired
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v Intelligent Reflecting Surfaces (IRSs)

Introduction

RIS Frontier Technique Seminar Series 10 —— Xianghao Yu

Ø IRSs can change the direction of the impinging electromagnetic 
(EM) waves

Ø Low-cost passive devices, e.g., dipoles and phase shifters

Ø Create favorable wireless propagation environments
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v Intelligent Reflecting Surfaces (IRSs)

Introduction

RIS Frontier Technique Seminar Series 10 —— Xianghao Yu

Ø IRSs can be readily coated on the facades of buildings, which 
reduces implementation cost and complexity
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v Intelligent Reflecting Surfaces (IRSs)

Introduction

RIS Frontier Technique Seminar Series 10 —— Xianghao Yu

Ø Conventional communication devices, e.g., relays, receive and 
retransmit new signals

Ø IRSs smartly transform or recycle existing signals

Ø Promising key enablers for improving the performance of
wireless communications in an economical and energy-efficient 
manner
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v Intelligent Reflecting Surfaces (IRSs)

Introduction

RIS Frontier Technique Seminar Series 10 —— Xianghao Yu

Ø IRSs have to be jointly designed with conventional communication
techniques, e.g., beamforming at APs

Problem System Technique Paper

Rate
maximization

Single-user MISO 

Secure Wireless 
Communication 

Single user + 
single eve 

Multiple users 
and eves, robust 

Generic

Power
minimization

Multiuser MISO 

SWIPT with large scale IRSs 
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Algorithm Design for IRS-Assisted 
Systems
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v Warm-Up: Single-User MISO

Algorithm Design

RIS Frontier Technique Seminar Series 10 —— Xianghao Yu

Ø System model and notations

<latexit sha1_base64="PPfTQ9QGYxszwHGZVbhRxv/KOsk="></latexit>

� = diag(e|✓1 , e|✓2 , · · · , e|✓M )

<latexit sha1_base64="1M0X1ACfAry6i/uKBA6NhLwh0w0=">AAAB8XicdVDNSgMxGMzWv1r/qh69BIvgaclurd3eCh70WMG2YruUbJptQ7PZJckKZelbePGgiFffxptvY7atoKIDgWHm+8h8EyScKY3Qh1VYWV1b3yhulra2d3b3yvsHHRWnktA2iXksbwOsKGeCtjXTnN4mkuIo4LQbTC5yv3tPpWKxuNHThPoRHgkWMoK1ke76EdbjIMwuZ4NyBdmo3nBdDyLb8TzvvGFItV6teQg6NpqjApZoDcrv/WFM0ogKTThWquegRPsZlpoRTmelfqpogskEj2jPUIEjqvxsnngGT4wyhGEszRMaztXvGxmOlJpGgZnME6rfXi7+5fVSHXp+xkSSairI4qMw5VDHMD8fDpmkRPOpIZhIZrJCMsYSE21KKpkSvi6F/5OOazs1G12fVZruso4iOALH4BQ4oA6a4Aq0QBsQIMADeALPlrIerRfrdTFasJY7h+AHrLdPN12RPQ==</latexit>

G

<latexit sha1_base64="JUW9JPUupQDwvKmSJ4yKr3Xm3NA=">AAAB83icdVDLSgMxFM34rPVVdekmWARXQ2Zq7XRXcNNlBfuAzlgymUwbmnmQZIQy9DfcuFDErT/jzr8x01ZQ0QOBwzn3ck+On3ImFUIfxtr6xubWdmmnvLu3f3BYOTruySQThHZJwhMx8LGknMW0q5jidJAKiiOf074/vS78/j0VkiXxrZql1IvwOGYhI1hpyXUjrCZ+mAfzu/aoUkUmajRt24HItBzHuWpqUmvU6g6ClokWqIIVOqPKuxskJItorAjHUg4tlCovx0Ixwum87GaSpphM8ZgONY1xRKWXLzLP4blWAhgmQr9YwYX6fSPHkZSzyNeTRUb52yvEv7xhpkLHy1mcZorGZHkozDhUCSwKgAETlCg+0wQTwXRWSCZYYKJ0TWVdwtdP4f+kZ5tW3UQ3l9WWvaqjBE7BGbgAFmiAFmiDDugCAlLwAJ7As5EZj8aL8bocXTNWOyfgB4y3T7G1khQ=</latexit>

dH
<latexit sha1_base64="V9m7Be2UcB8iB1Rm+w7f1i2wGnw=">AAAB83icdVDLSgMxFM34rPVVdekmWARXQ6a1droruOmygn1AZyyZNNOGZjJDkhHK0N9w40IRt/6MO//GTFtBRQ8EDufcyz05QcKZ0gh9WGvrG5tb24Wd4u7e/sFh6ei4q+JUEtohMY9lP8CKciZoRzPNaT+RFEcBp71gep37vXsqFYvFrZ4l1I/wWLCQEayN5HkR1pMgzCbzu9awVEY2qjcqFRci23Fd96phSLVerbkIOjZaoAxWaA9L794oJmlEhSYcKzVwUKL9DEvNCKfzopcqmmAyxWM6MFTgiCo/W2Sew3OjjGAYS/OEhgv1+0aGI6VmUWAm84zqt5eLf3mDVIeunzGRpJoKsjwUphzqGOYFwBGTlGg+MwQTyUxWSCZYYqJNTUVTwtdP4f+kW7Gdmo1uLsvNyqqOAjgFZ+ACOKAOmqAF2qADCEjAA3gCz1ZqPVov1utydM1a7ZyAH7DePgG30ZIY</latexit>

hH

Ø Received signal:
<latexit sha1_base64="qz32Ttk7yb1LBQP+PAHwe0x1V9A="></latexit>

y =
�
hH�G+ dH

�
wx+ n
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v Warm-Up: Single-User MISO

Algorithm Design

RIS Frontier Technique Seminar Series 10 —— Xianghao Yu

Ø Optimal beamformer: MRT

<latexit sha1_base64="CLH6DmKg+MoH0zFoECDFhR4thRg="></latexit>

maximize
v2CM+1

vHRv

subject to |vi| = 1, i 2 {1, 2, · · · ,M + 1},

<latexit sha1_base64="rY70amfOGIxAWk9oGFDejf7ipcI="></latexit>

R =


diag

�
hH

�
GGHdiag (h) diag

�
hH

�
Gd

dHGHdiag (h) 0

�

Ø The unit modulus constraints are intrinsically non-convex

Ø Rate maximization

<latexit sha1_base64="EvjQu3REMRAaqfIKH+LzybsruKI="></latexit>

w? =
p
P

GH�h+ d

kGH�h+ dk2
<latexit sha1_base64="G3etQeaWJXjCsNidVgD8sY8oVzg="></latexit>

v =
⇥
e�|✓1 , e�|✓2 , · · · , e�|✓M , t

⇤
, |t| = 1
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v Classic Approach

Algorithm Design

RIS Frontier Technique Seminar Series 10 —— Xianghao Yu

<latexit sha1_base64="nw4F+d+1SoSlqdTxCpLr6Ezb6sA="></latexit>

maximize
V2HM+1

Tr (RV)

subject to diag(V) = 1M+1,

Rank (V) = 1.

Ø Semidefinite relaxation (SDR):
<latexit sha1_base64="4jnbGBCutVWnUMpsuYDJCMqjnOQ=">AAACAXicdVDLSgMxFM34rPVVdSO4CRbB1ZCZWjtdCAU3XVawD2jHkkkzbWjmQZIplKFu/BU3LhRx61+4829MX6CiBy4czrmXe+/xYs6kQujTWFldW9/YzGxlt3d29/ZzB4cNGSWC0DqJeCRaHpaUs5DWFVOctmJBceBx2vSG11O/OaJCsii8VeOYugHuh8xnBCstdXPHnQCrgeenjcnVko5Gk7tqN5dHJiqVbduByLQcx7ksa1IoFYoOgpaJZsiDBWrd3EenF5EkoKEiHEvZtlCs3BQLxQink2wnkTTGZIj7tK1piAMq3XT2wQSeaaUH/UjoChWcqd8nUhxIOQ483Tk9Uv72puJfXjtRvuOmLIwTRUMyX+QnHKoITuOAPSYoUXysCSaC6VshGWCBidKhZXUIy0/h/6Rhm1bRRDcX+Yq9iCMDTsApOAcWKIEKqIIaqAMC7sEjeAYvxoPxZLwab/PWFWMxcwR+wHj/AqBgl54=</latexit>

V = vvH

Ø No guarantee that the solution is with unit rank
<latexit sha1_base64="e1B0hGGC5mRv0LA+u2cmvoEcvEE=">AAAB8XicdVDLSgMxFM3UV62vqks3wSK4GjJTa6e7ghuXFewD26Fk0kwbmskMSUYoQ//CjQtF3Po37vwbM20FFT0QOJxzLzn3BAlnSiP0YRXW1jc2t4rbpZ3dvf2D8uFRR8WpJLRNYh7LXoAV5UzQtmaa014iKY4CTrvB9Cr3u/dUKhaLWz1LqB/hsWAhI1gb6W4QYT0JwqwzH5YryEb1hut6ENmO53mXDUOq9WrNQ9Cx0QIVsEJrWH4fjGKSRlRowrFSfQcl2s+w1IxwOi8NUkUTTKZ4TPuGChxR5WeLxHN4ZpQRDGNpntBwoX7fyHCk1CwKzGSeUP32cvEvr5/q0PMzJpJUU0GWH4UphzqG+flwxCQlms8MwUQykxWSCZaYaFNSyZTwdSn8n3Rc26nZ6Oai0nRXdRTBCTgF58ABddAE16AF2oAAAR7AE3i2lPVovVivy9GCtdo5Bj9gvX0CTiiRTA==</latexit>

V

Ø Suboptimal solution: only ensures that the value of the objective 
function is asymptotically at least of the optimal value

<latexit sha1_base64="fVaP60hAUT72NzvFxJSTojuSk+o=">AAAB7HicdVDLSsNAFJ34rPVVdelmsAiu4iRtbboruHFZwbSFNpTJdNIOnUzCzEQood/gxoUibv0gd/6N04egogcuHM65l3vvCVPOlEbow1pb39jc2i7sFHf39g8OS0fHbZVkklCfJDyR3RArypmgvmaa024qKY5DTjvh5Hrud+6pVCwRd3qa0iDGI8EiRrA2kt9P2WV1UCojG9UbrutBZDue5101DKnUKzUPQcdGC5TBCq1B6b0/TEgWU6EJx0r1HJTqIMdSM8LprNjPFE0xmeAR7RkqcExVkC+OncFzowxhlEhTQsOF+n0ix7FS0zg0nTHWY/Xbm4t/eb1MR16QM5FmmgqyXBRlHOoEzj+HQyYp0XxqCCaSmVshGWOJiTb5FE0IX5/C/0nbtZ2ajW6r5aa7iqMATsEZuAAOqIMmuAEt4AMCGHgAT+DZEtaj9WK9LlvXrNXMCfgB6+0Tts2Olg==</latexit>

⇡/4

[Ref] S. Zhang and Y. Huang, “Complex quadratic optimization and semidefinite programming,” 
SIAM J. Optim., vol. 16, no. 3, pp. 871–890, 2006.

Ø Gaussian randomization
<latexit sha1_base64="PYAnr4v1KRVEvnNBMExyGc8gdwQ="></latexit>

v̄ ⇠ CN (0,V)

Ø Normalization:
<latexit sha1_base64="vfoMPKizh/CqFfEljNalI+MSKsw="></latexit>

v = unt (v̄) ,

v1
|v1|

,
v2
|v2|

, · · · , vM+1

|vM+1|

�
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v Branch and Bound (BnB)

Algorithm Design

RIS Frontier Technique Seminar Series 10 —— Xianghao Yu

!(vi)

"(vi)

vi ∈ Ai

eui

eli

Ø Node:A subset of the feasible 
set defined in the problem to be
solved<latexit sha1_base64="5uJ/GSt2qUfmfVAy1JUDZvyVuQI=">AAAB8nicbVDLSsNAFL3xWeur6tLNYBFclaQouqy4cVnBPqANZTKdtEMnkzBzI5TQz3DjQhG3fo07/8ZJm4W2Hhg4nHMvc+4JEikMuu63s7a+sbm1Xdop7+7tHxxWjo7bJk414y0Wy1h3A2q4FIq3UKDk3URzGgWSd4LJXe53nrg2IlaPOE24H9GREqFgFK3U60cUx4zK7HY2qFTdmjsHWSVeQapQoDmofPWHMUsjrpBJakzPcxP0M6pRMMln5X5qeELZhI54z1JFI278bB55Rs6tMiRhrO1TSObq742MRsZMo8BO5hHNspeL/3m9FMMbPxMqSZErtvgoTCXBmOT3k6HQnKGcWkKZFjYrYWOqKUPbUtmW4C2fvEra9Zp3VXMfLquNelFHCU7hDC7Ag2towD00oQUMYniGV3hz0Hlx3p2PxeiaU+ycwB84nz9s0JFL</latexit>

A <latexit sha1_base64="SU53gqWbUSVjIJyzrGslnLEt+X4="></latexit>

A =
M+1Y

i=1

Ai

<latexit sha1_base64="vYENryTq9Sxi8tufCm7Za6Ve9Bs=">AAAB7nicdVDLSgMxFM3UV62vqks3wSK4GjJTa6cLoeDGZQVrC+1QMmmmDc1khiRTKNN+hBsXirj1e9z5N6YPQUUPXDiccy/33hMknCmN0IeVW1vf2NzKbxd2dvf2D4qHR/cqTiWhTRLzWLYDrChngjY105y2E0lxFHDaCkbXc781plKxWNzpSUL9CA8ECxnB2kit6bjHpldOr1hCNqrWXNeDyHY8z7usGVKulisego6NFiiBFRq94nu3H5M0okITjpXqOCjRfoalZoTTWaGbKppgMsID2jFU4IgqP1ucO4NnRunDMJamhIYL9ftEhiOlJlFgOiOsh+q3Nxf/8jqpDj0/YyJJNRVkuShMOdQxnP8O+0xSovnEEEwkM7dCMsQSE20SKpgQvj6F/5N713YqNrq9KNXdVRx5cAJOwTlwQBXUwQ1ogCYgYAQewBN4thLr0XqxXpetOWs1cwx+wHr7BJxWj7Y=</latexit>

|vi| = 1

<latexit sha1_base64="CLH6DmKg+MoH0zFoECDFhR4thRg="></latexit>

maximize
v2CM+1

vHRv

subject to |vi| = 1, i 2 {1, 2, · · · ,M + 1},
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v Branch and Bound (BnB)

Algorithm Design

RIS Frontier Technique Seminar Series 10 —— Xianghao Yu

Ø Subproblem:A subset of the 
feasible set defined in the 
problem to be solved<latexit sha1_base64="5uJ/GSt2qUfmfVAy1JUDZvyVuQI=">AAAB8nicbVDLSsNAFL3xWeur6tLNYBFclaQouqy4cVnBPqANZTKdtEMnkzBzI5TQz3DjQhG3fo07/8ZJm4W2Hhg4nHMvc+4JEikMuu63s7a+sbm1Xdop7+7tHxxWjo7bJk414y0Wy1h3A2q4FIq3UKDk3URzGgWSd4LJXe53nrg2IlaPOE24H9GREqFgFK3U60cUx4zK7HY2qFTdmjsHWSVeQapQoDmofPWHMUsjrpBJakzPcxP0M6pRMMln5X5qeELZhI54z1JFI278bB55Rs6tMiRhrO1TSObq742MRsZMo8BO5hHNspeL/3m9FMMbPxMqSZErtvgoTCXBmOT3k6HQnKGcWkKZFjYrYWOqKUPbUtmW4C2fvEra9Zp3VXMfLquNelFHCU7hDC7Ag2towD00oQUMYniGV3hz0Hlx3p2PxeiaU+ycwB84nz9s0JFL</latexit>

A

Ø A lower and an upper bounds are required for each node

<latexit sha1_base64="odDq+wsIEBRwa9z/qQuoQIj6+xc="></latexit>

minimize
v,V⌫0

g(V) = Tr (RV)

subject to vi 2 Ai, 8i,
Diag (V) = 1M+1,

V = vvH .



18

v Branch and Bound (BnB)

Algorithm Design

RIS Frontier Technique Seminar Series 10 —— Xianghao Yu

Ø Upper bound: Construct a feasible set

Ø Lower bound: Relax the feasible set
<latexit sha1_base64="hhLKoUzf9BtMX+KkYtCT7jLplJ0=">AAAB9HicdVDLSgMxFM3UV62vqks3wSK4GjKttdNdxY3LCvYB7VAyaaYNzWTGJFMoQ7/DjQtF3Pox7vwbM20FFT0QOJxzL/fk+DFnSiP0YeXW1jc2t/LbhZ3dvf2D4uFRW0WJJLRFIh7Jro8V5UzQlmaa024sKQ59Tjv+5DrzO1MqFYvEnZ7F1AvxSLCAEayN5PVDrMcE8/RqPmCDYgnZqFYvl12IbMd13cu6IZVapeoi6NhogRJYoTkovveHEUlCKjThWKmeg2LtpVhqRjidF/qJojEmEzyiPUMFDqny0kXoOTwzyhAGkTRPaLhQv2+kOFRqFvpmMgupfnuZ+JfXS3TgeikTcaKpIMtDQcKhjmDWABwySYnmM0MwkcxkhWSMJSba9FQwJXz9FP5P2mXbqdro9qLUKK/qyIMTcArOgQNqoAFuQBO0AAH34AE8gWdraj1aL9brcjRnrXaOwQ9Yb593RZKF</latexit>

Ai

!(vi)

"(vi)

vi ∈ Ai

eui

eli

Qi

ci Si

<latexit sha1_base64="7LImOtcsBlMoB8ceAbqgryqcwzQ="></latexit>

minimize
c,C⌫0

g(C) = Tr (RC)

subject to ci 2 Ai, 8i,
Diag (C) = 1M+1,

C = ccH .
<latexit sha1_base64="gcIdvFX77lr6/BPLK1ViOUH9TLE="></latexit>

, < (a⇤ � c) � cos

✓
u� l

2

◆
<latexit sha1_base64="sazn88gjF6wrZz6BRlmwDBO9cS4=">AAAB/HicdVDLSgMxFM34rPVV7dJNsAiuhsw4tnVXcOOyBfuAtgyZNNOGZjJDkhHKUH/FjQtF3Poh7vwbM20FFT0QOJxzL/fkBAlnSiP0Ya2tb2xubRd2irt7+weHpaPjjopTSWibxDyWvQArypmgbc00p71EUhwFnHaD6XXud++oVCwWt3qW0GGEx4KFjGBtJL9UJj4bMDGIsJ4QzLPW3Gd+qYLsq3rV9aoQ2QjVHNfJiVvzLjzoGCVHBazQ9Evvg1FM0ogKTThWqu+gRA8zLDUjnM6Lg1TRBJMpHtO+oQJHVA2zRfg5PDPKCIaxNE9ouFC/b2Q4UmoWBWYyD6l+e7n4l9dPdVgfZkwkqaaCLA+FKYc6hnkTcMQkJZrPDMFEMpMVkgmWmGjTV9GU8PVT+D/puLZzaaOWV2m4qzoK4AScgnPggBpogBvQBG1AwAw8gCfwbN1bj9aL9bocXbNWO2XwA9bbJ3lDlUQ=</latexit>

ci 2 Qi
<latexit sha1_base64="8WZOgFdSZroRJdbcTxt6J2VdWbI="></latexit>

ai = e|
ui+li

2

<latexit sha1_base64="y05ujdyXykMfL+nNOHK34xwgNw8="></latexit>

v = unt (c) ,

c1
|c1|

,
c2
|c2|

, · · · , cM+1

|cM+1|

�

<latexit sha1_base64="hLzj06+cLPdPbOjVk5aJxXZbA9E="></latexit>

C ⌫ ccH .

<latexit sha1_base64="hKRaWyplyjBuE77vnAq94P2HRxs="></latexit>

ci 2 Qi [ Si, 8i,

!(vi)

"(vi)

vi ∈ Ai

eui

eli

vi = unt(ci)

Qi

ci Si
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v Branch and Bound (BnB)

Algorithm Design

RIS Frontier Technique Seminar Series 10 —— Xianghao Yu

<latexit sha1_base64="5uJ/GSt2qUfmfVAy1JUDZvyVuQI=">AAAB8nicbVDLSsNAFL3xWeur6tLNYBFclaQouqy4cVnBPqANZTKdtEMnkzBzI5TQz3DjQhG3fo07/8ZJm4W2Hhg4nHMvc+4JEikMuu63s7a+sbm1Xdop7+7tHxxWjo7bJk414y0Wy1h3A2q4FIq3UKDk3URzGgWSd4LJXe53nrg2IlaPOE24H9GREqFgFK3U60cUx4zK7HY2qFTdmjsHWSVeQapQoDmofPWHMUsjrpBJakzPcxP0M6pRMMln5X5qeELZhI54z1JFI278bB55Rs6tMiRhrO1TSObq742MRsZMo8BO5hHNspeL/3m9FMMbPxMqSZErtvgoTCXBmOT3k6HQnKGcWkKZFjYrYWOqKUPbUtmW4C2fvEra9Zp3VXMfLquNelFHCU7hDC7Ag2towD00oQUMYniGV3hz0Hlx3p2PxeiaU+ycwB84nz9s0JFL</latexit>

A
<latexit sha1_base64="6FsckPZV6DBQWY8R7VZQYmgeQhI=">AAAB/nicbVBNS8NAFHypX7V+RcWTl8UieJCSFEWPhV48VrC10Iay2W7apZtN2N0IJQT8K148KOLV3+HNf+OmjaCtAwvDzHu82fFjzpR2nC+rtLK6tr5R3qxsbe/s7tn7Bx0VJZLQNol4JLs+VpQzQduaaU67saQ49Dm99yfN3L9/oFKxSNzpaUy9EI8ECxjB2kgD+6gfYj32g5Rk5z+0mQ3sqlNzZkDLxC1IFQq0BvZnfxiRJKRCE46V6rlOrL0US80Ip1mlnygaYzLBI9ozVOCQKi+dxc/QqVGGKIikeUKjmfp7I8WhUtPQN5N5QrXo5eJ/Xi/RwbWXMhEnmgoyPxQkHOkI5V2gIZOUaD41BBPJTFZExlhiok1jFVOCu/jlZdKp19zLmnN7UW3UizrKcAwncAYuXEEDbqAFbSCQwhO8wKv1aD1bb9b7fLRkFTuH8AfWxzeLlZXP</latexit>

c,C

Ø Branch: Select the node associated 
with the smallest lower bound

!(vi)

"(vi)

vi ∈ Ai

eui

eli

vi = unt(ci)

Qi

ci Si

<latexit sha1_base64="fsffpuYI8kUL80Gw1V9eNnlpQx0="></latexit>

i? = argmax
i

|ci � vi|
Ø Equally partition

<latexit sha1_base64="RJecVj39hxRsTZSAT6HWOY2BVPo=">AAAB/nicdVDLSgMxFM3UV62vUXHlJlgEV0OmtXa6q7hxWcG2QluHTJq2oZnMkGSEMgz4K25cKOLW73Dn35g+BBU9EDiccy/35AQxZ0oj9GHllpZXVtfy64WNza3tHXt3r6WiRBLaJBGP5E2AFeVM0KZmmtObWFIcBpy2g/HF1G/fUalYJK71JKa9EA8FGzCCtZF8+6AbYj0imKfnmZ+y267SWGa+XUQOqtZKJQ8ix/U876xmSLlarngIug6aoQgWaPj2e7cfkSSkQhOOleq4KNa9FEvNCKdZoZsoGmMyxkPaMVTgkKpeOoufwWOj9OEgkuYJDWfq940Uh0pNwsBMTsOq395U/MvrJHrg9VIm4kRTQeaHBgmHOoLTLmCfSUo0nxiCiWQmKyQjLDHRprGCKeHrp/B/0io5bsVBV6fFemlRRx4cgiNwAlxQBXVwCRqgCQhIwQN4As/WvfVovViv89GctdjZBz9gvX0CfWiWcg==</latexit>

Ai?

<latexit sha1_base64="EFvlw6SN3b3wBr0daes82hN8Qyo=">AAAB/3icbVDLSsNAFJ3UV62vqODGzWARXJWkKLqsuHFZwT6gDWEynbRDZyZhZiKUmIW/4saFIm79DXf+jZM0C209MHA4517umRPEjCrtON9WZWV1bX2julnb2t7Z3bP3D7oqSiQmHRyxSPYDpAijgnQ01Yz0Y0kQDxjpBdOb3O89EKloJO71LCYeR2NBQ4qRNpJvHw050hOMWHqd+QWXPGWZb9edhlMALhO3JHVQou3bX8NRhBNOhMYMKTVwnVh7KZKaYkay2jBRJEZ4isZkYKhAnCgvLfJn8NQoIxhG0jyhYaH+3kgRV2rGAzOZJ1SLXi7+5w0SHV55KRVxoonA80NhwqCOYF4GHFFJsGYzQxCW1GSFeIIkwtpUVjMluItfXibdZsO9aDh35/VWs6yjCo7BCTgDLrgELXAL2qADMHgEz+AVvFlP1ov1bn3MRytWuXMI/sD6/AHSkpaS</latexit>

Al
<latexit sha1_base64="oE3oditaUMdaeth47nJcA+uadVE=">AAAB/3icbVDLSsNAFJ3UV62vqODGzWARXJWkKLqsuHFZwT6gDWEynbRDZyZhZiKUmIW/4saFIm79DXf+jZM0C209MHA4517umRPEjCrtON9WZWV1bX2julnb2t7Z3bP3D7oqSiQmHRyxSPYDpAijgnQ01Yz0Y0kQDxjpBdOb3O89EKloJO71LCYeR2NBQ4qRNpJvHw050hOMWHqd+QWXPJWZb9edhlMALhO3JHVQou3bX8NRhBNOhMYMKTVwnVh7KZKaYkay2jBRJEZ4isZkYKhAnCgvLfJn8NQoIxhG0jyhYaH+3kgRV2rGAzOZJ1SLXi7+5w0SHV55KRVxoonA80NhwqCOYF4GHFFJsGYzQxCW1GSFeIIkwtpUVjMluItfXibdZsO9aDh35/VWs6yjCo7BCTgDLrgELXAL2qADMHgEz+AVvFlP1ov1bn3MRytWuXMI/sD6/AHbsJaY</latexit>

Ar
<latexit sha1_base64="7Qt49WW/i+P1FIdqpKHF7am7aAY=">AAACFHicbZDLSsNAFIYnXmu9RV26GSyCoJSkKLosdOOygr1AG8JkOmmHzkzCzEQooQ/hxldx40IRty7c+TZO0gi19YeBn++cw5zzBzGjSjvOt7Wyura+sVnaKm/v7O7t2weHbRUlEpMWjlgkuwFShFFBWppqRrqxJIgHjHSCcSOrdx6IVDQS93oSE4+joaAhxUgb5NvnfY70KAhTPPVzK3kqpxe/tDFPfbviVJ1ccNm4hamAQk3f/uoPIpxwIjRmSKme68TaS5HUFDMyLfcTRWKEx2hIesYKxIny0vyoKTw1ZADDSJonNMzp/ESKuFITHpjObEO1WMvgf7VeosMbL6UiTjQRePZRmDCoI5glBAdUEqzZxBiEJTW7QjxCEmFtciybENzFk5dNu1Z1r6rO3WWlXiviKIFjcALOgAuuQR3cgiZoAQwewTN4BW/Wk/VivVsfs9YVq5g5An9kff4ADNOgBw==</latexit>

cr,Cr
<latexit sha1_base64="aAwrrntiOXdBChEErb/Mf3obzwY=">AAACFHicbZDLSsNAFIYnXmu9RV26GSyCoJSkKLosdOOygr1AG8JkOmmHzkzCzEQooQ/hxldx40IRty7c+TZO0gi19YeBn++cw5zzBzGjSjvOt7Wyura+sVnaKm/v7O7t2weHbRUlEpMWjlgkuwFShFFBWppqRrqxJIgHjHSCcSOrdx6IVDQS93oSE4+joaAhxUgb5NvnfY70KAhTPPVzK3nKphe/tDFPfbviVJ1ccNm4hamAQk3f/uoPIpxwIjRmSKme68TaS5HUFDMyLfcTRWKEx2hIesYKxIny0vyoKTw1ZADDSJonNMzp/ESKuFITHpjObEO1WMvgf7VeosMbL6UiTjQRePZRmDCoI5glBAdUEqzZxBiEJTW7QjxCEmFtciybENzFk5dNu1Z1r6rO3WWlXiviKIFjcALOgAuuQR3cgiZoAQwewTN4BW/Wk/VivVsfs9YVq5g5An9kff4A+gSf+w==</latexit>

cl,Cl
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v Branch and Bound (BnB)

Algorithm Design

RIS Frontier Technique Seminar Series 10 —— Xianghao Yu

Ø Simulation result: Convergence
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v Manifold Optimization

Algorithm Design

RIS Frontier Technique Seminar Series 10 —— Xianghao Yu

Ø Reformulation

<latexit sha1_base64="HCGkoijC4jpUotchIacQHAiMZ18="></latexit>

minimize
x2CM

f(x) = �xHAx� xHb� bHx

subject to |xi| = 1, i 2 {1, 2, · · · ,M},

<latexit sha1_base64="t+erZ11EvPgSLenqXmCcBLWJoiI="></latexit>

A = diag
�
hH

r

�
GGHdiag (hr) ,

b = diag
�
hH

r

�
Gh.

Ø The unit modulus constraints            form a complex circle 
manifold

<latexit sha1_base64="BuZBycOD9nnxA60CU7/V56dHpEs=">AAAB7nicdVDLSgMxFM34rPVVdekmWARXQ2Zq7XQhFNy4rGAf0A4lk2ba0ExmSDJimfYj3LhQxK3f486/MX0IKnrgwuGce7n3niDhTGmEPqyV1bX1jc3cVn57Z3dvv3Bw2FRxKgltkJjHsh1gRTkTtKGZ5rSdSIqjgNNWMLqa+a07KhWLxa0eJ9SP8ECwkBGsjdSa3PfY5NLpFYrIRpWq63oQ2Y7neRdVQ0qVUtlD0LHRHEWwRL1XeO/2Y5JGVGjCsVIdByXaz7DUjHA6zXdTRRNMRnhAO4YKHFHlZ/Nzp/DUKH0YxtKU0HCufp/IcKTUOApMZ4T1UP32ZuJfXifVoednTCSppoIsFoUphzqGs99hn0lKNB8bgolk5lZIhlhiok1CeRPC16fwf9J0badso5vzYs1dxpEDx+AEnAEHVEANXIM6aAACRuABPIFnK7EerRfrddG6Yi1njsAPWG+fn2iPuA==</latexit>

|xi| = 1

Ø Manifold optimization
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v Three Key Elements in Manifold Optimization

Algorithm Design

RIS Frontier Technique Seminar Series 10 —— Xianghao Yu

xk

M

TxkM grad
xk
f

∇xk
f

<latexit sha1_base64="wQ4KpC8UZQO1A5sot4o3emT/4qI="></latexit>

TxkM =
�
z 2 CM : < {z � x⇤

k} = 0M

 
Ø Tangent space:  

Ø Riemannian gradient: Orthogonal 
projection of the Euclidean gradient

onto the tangent space
<latexit sha1_base64="UgHPtoGkFbhT3eaDogLypta/jBo=">AAAB/3icdVDLSgMxFM34rPVVFdy4CRbB1ZBprZ3uCm5cVrAPaMuQSTNtaCYzJBmxjF34K25cKOLW33Dn35hpK6jogcDhnHu5J8ePOVMaoQ9raXlldW09t5Hf3Nre2S3s7bdUlEhCmyTikez4WFHOBG1qpjntxJLi0Oe07Y8vMr99Q6VikbjWk5j2QzwULGAEayN5hcOewD7HXtoLsR75QXo79cbTwCsUkY2qtVLJhch2XNc9rxlSrpYrLoKOjWYoggUaXuG9N4hIElKhCcdKdR0U636KpWaE02m+lygaYzLGQ9o1VOCQqn46yz+FJ0YZwCCS5gkNZ+r3jRSHSk1C30xmKdVvLxP/8rqJDtx+ykScaCrI/FCQcKgjmJUBB0xSovnEEEwkM1khGWGJiTaV5U0JXz+F/5NWyXYqNro6K9ZLizpy4Agcg1PggCqog0vQAE1AwB14AE/g2bq3Hq0X63U+umQtdg7AD1hvn2cwlvg=</latexit>

rxkf
<latexit sha1_base64="rDHmBP1BGTgtZ88zIcLX3wYaZLs=">AAACBHicdVDLSgMxFM34rPVVddlNsAiuhkxr7XRXcONGqNAXtGXIpJk2NPMgyYhlmIUbf8WNC0Xc+hHu/BszbQUVPRA4Oede7r3HjTiTCqEPY2V1bX1jM7eV397Z3dsvHBx2ZBgLQtsk5KHouVhSzgLaVkxx2osExb7LadedXmR+94YKycKgpWYRHfp4HDCPEay05BSKLScZ+FhNXC+5TZ1pOv8QzJOr1CmUkIlq9XLZhsi0bNs+r2tSqVWqNoKWieYogSWaTuF9MApJ7NNAEY6l7FsoUsMEC8UIp2l+EEsaYTLFY9rXNMA+lcNkfkQKT7Qygl4o9AsUnKvfOxLsSznzXV2ZrSh/e5n4l9ePlWcPExZEsaIBWQzyYg5VCLNE4IgJShSfaYKJYHpXSCZYYKJ0bnkdwtel8H/SKZtW1UTXZ6VGeRlHDhTBMTgFFqiBBrgETdAGBNyBB/AEno1749F4MV4XpSvGsucI/IDx9gly75k5</latexit>

TxkM
<latexit sha1_base64="fd0t10V1M3l2S2/Q9WXXVD6FAi8="></latexit>

gradxk
f = rxkf �<{rxkf � x⇤

k} � xk,

where the Euclidean gradient of the
objective function is given by

<latexit sha1_base64="iTp4Gs89qWpu0PqmjDNYAPCgMXc="></latexit>

rxkf = �2 (Axk + b) .
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v Three Key Elements in Manifold Optimization

Algorithm Design

RIS Frontier Technique Seminar Series 10 —— Xianghao Yu

Ø Conjugate gradient (CG) method in 
the Euclidean space

xk

xk+1

M

TxkM

Txk+1
M

ηk

Txk→xk+1 (ηk)

Txk→xk+1

<latexit sha1_base64="QEsT1EQtXKsnVZKheYJwVw7Jjb8="></latexit>

⌘k+1 = �rxk+1f + �k⌘k,

where     is the search direction at     . <latexit sha1_base64="QWFRhMpyk3x7bccNUa9aaDBmHDU=">AAAB/nicdVBPS8MwHE3nvzn/VcWTl+AQPJV0c667Dbx4nOA2YRslTbMtLG1KkgqjDPwqXjwo4tXP4c1vY7pNUNEHIY/3fj/y8oKEM6UR+rAKK6tr6xvFzdLW9s7unr1/0FEilYS2ieBC3gZYUc5i2tZMc3qbSIqjgNNuMLnM/e4dlYqJ+EZPEzqI8ChmQ0awNpJvH/UDwUM1jcyV9anGM38CS75dRg6qNyoVDyLH9TzvomFItV6teQi6DpqjDJZo+fZ7PxQkjWisCcdK9VyU6EGGpWaE01mpnyqaYDLBI9ozNMYRVYNsHn8GT40SwqGQ5sQaztXvGxmOVJ7QTEZYj9VvLxf/8nqpHnqDjMVJqmlMFg8NUw61gHkXMGSSEs2nhmAimckKyRhLTLRpLC/h66fwf9KpOG7NQdfn5WZlWUcRHIMTcAZcUAdNcAVaoA0IyMADeALP1r31aL1Yr4vRgrXcOQQ/YL19AqglleQ=</latexit>⌘k
<latexit sha1_base64="FK2L/wmDA41vQmAwh/QjJNSopB4=">AAAB9HicdVDLSgMxFM3UV62vqks3wSK4GjKttdNdwY3LCvYB7VAyaaYNzWTGJFMsQ7/DjQtF3Pox7vwbM20FFT0QOJxzL/fk+DFnSiP0YeXW1jc2t/LbhZ3dvf2D4uFRW0WJJLRFIh7Jro8V5UzQlmaa024sKQ59Tjv+5CrzO1MqFYvErZ7F1AvxSLCAEayN5PVDrMd+kN7PBxM4KJaQjWr1ctmFyHZc172sG1KpVaougo6NFiiBFZqD4nt/GJEkpEITjpXqOSjWXoqlZoTTeaGfKBpjMsEj2jNU4JAqL12EnsMzowxhEEnzhIYL9ftGikOlZqFvJrOQ6reXiX95vUQHrpcyESeaCrI8FCQc6ghmDcAhk5RoPjMEE8lMVkjGWGKiTU8FU8LXT+H/pF22naqNbi5KjfKqjjw4AafgHDigBhrgGjRBCxBwBx7AE3i2ptaj9WK9Lkdz1mrnGPyA9fYJYWOSdg==</latexit>xk

Ø Transport: Mapping of a tangent vector 
from one tangent space to another

<latexit sha1_base64="cfCtmH9B+YdZnuJfS/Ql204rALA="></latexit>

Txk!xk+1 (⌘k) ,TxkM 7! Txk+1M :

⌘k 7! ⌘k �<{⌘k � x⇤
k+1} � xk+1.

CG on the manifold:
<latexit sha1_base64="FHjlQn3Ay999MywlQNx42W1EvtA="></latexit>

⌘k+1 = �gradxk+1
f + �kTxk!xk+1 (⌘k)
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v Three Key Elements in Manifold Optimization

Algorithm Design

RIS Frontier Technique Seminar Series 10 —— Xianghao Yu

Ø Retraction: Mapping from the tangent 
space to the manifold itself to find the 
destination on the manifoldxk

xk+1

Rxk
(αkηxk)

M

TxkM ηxk αkηxk

<latexit sha1_base64="RIixMh4XaPVBMKGegmyH5iIiz04="></latexit>

Rxk (↵k⌘k) , TxkM 7! M :

↵k⌘k 7! unt (↵k⌘k)

Ø The CG method based manifold optimization converges to a 
critical point

Ø Computational complexity:                         (SDR:                    )
<latexit sha1_base64="61iSUFyyBHcc07nkn4j18/Oy518="></latexit>

O
�
M1.5

� <latexit sha1_base64="wLd0yR4k51OXGATzgmRugT7Q+D8="></latexit>

O
�
(M + 1)6

�
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v Warm-Up: Single-User MISO

Algorithm Design

RIS Frontier Technique Seminar Series 10 —— Xianghao Yu

Ø Simulation results: Manifold vs. SDR

Ø Effectiveness of 
incorporating IRSs into 
wireless communication 
systems
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M=30, Increasing Nt, Manifold optimization

Nt=30, Increasing M, SDR method [3] 

M=30, Increasing Nt, SDR method [3]
Without IRS (M=0), Increasing Nt, MRT

M=Nt=30

Ø Superiority over SDR
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v Warm-Up: Single-User MISO

Algorithm Design

RIS Frontier Technique Seminar Series 10 —— Xianghao Yu

Ø Simulation results: Manifold vs. BnB
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M=5, Increasing Nt, Branch and bound
M=5, Increasing Nt, Manifold optimization [8]
Without IRS (M=0), Increasing Nt, MRT

Spectral efficiency
gain with 5 IRS�
elements

Nt=5, Increasing M

M=5, Increasing Ntno IRS

Ø Manifold optimization-
based algorithm achieves a 
near-optimal performance

Ø Increasing the number of 
IRS elements is more 
efficient than enlarging 
the antenna size at the 
AP in terms of improving 
spectral efficiency
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v Warm-Up: Single-User MISO

Algorithm Design

RIS Frontier Technique Seminar Series 10 —— Xianghao Yu

Ø Conclusion

Problem System Technique Paper

Rate
maximization

Single-user MISO 

SDR Introductory 

BnB SPAWC20 

Manifold ICCC19 

Secure Wireless 
Communication 

Single user + 
single eve 

Multiple users 
and eves, robust 

Generic

Power
minimization

Multiuser MISO 

SWIPT with large scale IRSs 
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v Secure Communication: Single-Eavesdropper

Algorithm Design

RIS Frontier Technique Seminar Series 10 —— Xianghao Yu

Ø System model

<latexit sha1_base64="PPfTQ9QGYxszwHGZVbhRxv/KOsk="></latexit>

� = diag(e|✓1 , e|✓2 , · · · , e|✓M )

<latexit sha1_base64="1M0X1ACfAry6i/uKBA6NhLwh0w0=">AAAB8XicdVDNSgMxGMzWv1r/qh69BIvgaclurd3eCh70WMG2YruUbJptQ7PZJckKZelbePGgiFffxptvY7atoKIDgWHm+8h8EyScKY3Qh1VYWV1b3yhulra2d3b3yvsHHRWnktA2iXksbwOsKGeCtjXTnN4mkuIo4LQbTC5yv3tPpWKxuNHThPoRHgkWMoK1ke76EdbjIMwuZ4NyBdmo3nBdDyLb8TzvvGFItV6teQg6NpqjApZoDcrv/WFM0ogKTThWquegRPsZlpoRTmelfqpogskEj2jPUIEjqvxsnngGT4wyhGEszRMaztXvGxmOlJpGgZnME6rfXi7+5fVSHXp+xkSSairI4qMw5VDHMD8fDpmkRPOpIZhIZrJCMsYSE21KKpkSvi6F/5OOazs1G12fVZruso4iOALH4BQ4oA6a4Aq0QBsQIMADeALPlrIerRfrdTFasJY7h+AHrLdPN12RPQ==</latexit>

G

<latexit sha1_base64="4r3JrHuGu9XvT9RDlsCL0Sm99J8=">AAACAHicdVDLSsNAFJ34rPUVdeHCzWARXIVJa226K7jpsoJ9QFvDZDpph04ezEyEErLxV9y4UMStn+HOv3GaVlDRAxcO59zLvfd4MWdSIfRhrKyurW9sFraK2zu7e/vmwWFHRokgtE0iHomehyXlLKRtxRSnvVhQHHicdr3p1dzv3lEhWRTeqFlMhwEeh8xnBCstuebxIMBq4vnpJHNzKoKUZ7dN1ywhC9Xq5bIDkWU7jnNZ16RSq1QdBG0L5SiBJVqu+T4YRSQJaKgIx1L2bRSrYYqFYoTTrDhIJI0xmeIx7Wsa4oDKYZo/kMEzrYygHwldoYK5+n0ixYGUs8DTnfMb5W9vLv7l9RPlO8OUhXGiaEgWi/yEQxXBeRpwxAQlis80wUQwfSskEywwUTqzog7h61P4P+mULbtqoeuLUqO8jKMATsApOAc2qIEGaIIWaAMCMvAAnsCzcW88Gi/G66J1xVjOHIEfMN4+ASRcl18=</latexit>

hH

l

<latexit sha1_base64="lfeWkwpnHy5LFzBIxSXGmGAc3I0=">AAACAHicdVDLSsNAFJ34rPUVdeHCzWARXIVJa226K7jpsoJ9QFvDZDpph04ezEyEErLxV9y4UMStn+HOv3GaVlDRAxcO59zLvfd4MWdSIfRhrKyurW9sFraK2zu7e/vmwWFHRokgtE0iHomehyXlLKRtxRSnvVhQHHicdr3p1dzv3lEhWRTeqFlMhwEeh8xnBCstuebxIMBq4vnpJHNzKoKUZrdN1ywhC9Xq5bIDkWU7jnNZ16RSq1QdBG0L5SiBJVqu+T4YRSQJaKgIx1L2bRSrYYqFYoTTrDhIJI0xmeIx7Wsa4oDKYZo/kMEzrYygHwldoYK5+n0ixYGUs8DTnfMb5W9vLv7l9RPlO8OUhXGiaEgWi/yEQxXBeRpwxAQlis80wUQwfSskEywwUTqzog7h61P4P+mULbtqoeuLUqO8jKMATsApOAc2qIEGaIIWaAMCMvAAnsCzcW88Gi/G66J1xVjOHIEfMN4+ARmrl1g=</latexit>

hH

e

Ø Received signals:
<latexit sha1_base64="8zAPzWRT4HEiXIt5jvTwHkk+iK8="></latexit>

yl = hH

l �Gwx+ nl,

ye = hH

e �Gwx+ ne,
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v Secure Communication: Single-Eavesdropper

Algorithm Design

RIS Frontier Technique Seminar Series 10 —— Xianghao Yu

Ø Secrecy rate

Ø Rate maximization
<latexit sha1_base64="pLENLUSIL3eYCf+bJxMo6riTkms="></latexit>

maximize
w,�

1 + 1
�
2
l

��hH

l �Gw
��2

1 + 1
�2
e
|hH

e �Gw|2

subject to kwk2  P

� = diag
�
e|✓1 , e|✓2 , · · · , e|✓M

�

Ø Difficulty: Coupled variables & unit modulus constraint

<latexit sha1_base64="25geoLmriNsCM2ta/przZaaqQzc="></latexit>

C =


log

✓
1 +

1

�2
l

��hH

l �Gw
��2
◆
� log

✓
1 +

1

�2
e

��hH

e �Gw
��2
◆�+
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v Secure Communication: Single-Eavesdropper

Algorithm Design

RIS Frontier Technique Seminar Series 10 —— Xianghao Yu

Ø Coupling: Alternately optimizing variables

Ø (I) Beamforming optimization

Ø Equivalent to a Rayleigh quotient problem

<latexit sha1_base64="nXywkhrfQOtkwrwr4Ej1JCbeHjw="></latexit>

maximize
w

1 + 1
�
2
l

��hH

l �Gw
��2

1 + 1
�2
e
|hH

e �Gw|2

subject to kwk2  P

<latexit sha1_base64="bmuRK8QoEJ2RIwCSGmumF2kfDM4="></latexit>

w? =
p
P�max

�
X�1

e Xl

�
,

<latexit sha1_base64="w2wZkDrpAKxMmVBIoK9vNYakz4c="></latexit>

Xi = INt +
P

�2
i

GH�Hhih
H

i
�G, i 2 {l, e}where
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v Secure Communication: Single-Eavesdropper

Algorithm Design

RIS Frontier Technique Seminar Series 10 —— Xianghao Yu

Ø (II) IRS optimization
<latexit sha1_base64="6hv+3Caj26/XspNbEgoydgDCT9c="></latexit>

maximize
�

1 + 1
�
2
l

��hH

l �Gw
��2

1 + 1
�2
e
|hH

e �Gw|2

subject to � = diag
�
e|✓1 , e|✓2 , · · · , e|✓M

�

Ø Solution 1: Consider each phase     as a block in BCD
<latexit sha1_base64="ZyVhR067atEM9tixPn5rwAjG8eE=">AAAB8HicdVDJSgNBEO2JWxy3qEcvjUHwNPRMjJncAl48RjCLJCH0dDpJk56F7hohDPkKLx4U8ernePNv7CyCij4oeLxXRVW9IJFCAyEfVm5tfWNzK79t7+zu7R8UDo+aOk4V4w0Wy1i1A6q5FBFvgADJ24niNAwkbwWTq7nfuudKizi6hWnCeyEdRWIoGAUj3dldGHOg/Um/UCQOqVQ9z8fEcX3fv6waUqqUyj7BrkMWKKIV6v3Ce3cQszTkETBJte64JIFeRhUIJvnM7qaaJ5RN6Ih3DI1oyHUvWxw8w2dGGeBhrExFgBfq94mMhlpPw8B0hhTG+rc3F//yOikM/V4moiQFHrHlomEqMcR4/j0eCMUZyKkhlClhbsVsTBVlYDKyTQhfn+L/SdNz3LJDbi6KNW8VRx6doFN0jlxUQTV0jeqogRgK0QN6Qs+Wsh6tF+t12ZqzVjPH6Aest0/eUpBs</latexit>

✓k

<latexit sha1_base64="EOmV8hY3m9CU7qEYM0I+fQBelA4="></latexit>

✓?k =

(
✓̃k + ⇡ ce,kdl,k cos (pl,k) < cl,kde,k cos (pe,k)

✓̃k otherwise

<latexit sha1_base64="LmxkdWYz07im3V/3NNjlQxjgo58="></latexit>

1 + 1
�
2
l

��hH

l �Gw
��2

1 + 1
�2
e
|hH

e �Gw|2
=

cl,k + dl,k cos(✓k + pl,k)

ce,k + de,k cos(✓k + pe,k)
,

SDR?

<latexit sha1_base64="mRr24MDq5PrdDM+KIsUrg3ztUEI="></latexit>

f (V) %
f(v) ?

Monotonicity



32

v Secure Communication: Single-Eavesdropper

Algorithm Design

RIS Frontier Technique Seminar Series 10 —— Xianghao Yu

Ø Solution 1: Consider each phase     as a block in BCD
<latexit sha1_base64="ZyVhR067atEM9tixPn5rwAjG8eE=">AAAB8HicdVDJSgNBEO2JWxy3qEcvjUHwNPRMjJncAl48RjCLJCH0dDpJk56F7hohDPkKLx4U8ernePNv7CyCij4oeLxXRVW9IJFCAyEfVm5tfWNzK79t7+zu7R8UDo+aOk4V4w0Wy1i1A6q5FBFvgADJ24niNAwkbwWTq7nfuudKizi6hWnCeyEdRWIoGAUj3dldGHOg/Um/UCQOqVQ9z8fEcX3fv6waUqqUyj7BrkMWKKIV6v3Ce3cQszTkETBJte64JIFeRhUIJvnM7qaaJ5RN6Ih3DI1oyHUvWxw8w2dGGeBhrExFgBfq94mMhlpPw8B0hhTG+rc3F//yOikM/V4moiQFHrHlomEqMcR4/j0eCMUZyKkhlClhbsVsTBVlYDKyTQhfn+L/SdNz3LJDbi6KNW8VRx6doFN0jlxUQTV0jeqogRgK0QN6Qs+Wsh6tF+t12ZqzVjPH6Aest0/eUpBs</latexit>

✓k

<latexit sha1_base64="/5o59pYB17p6dHj/8tEfXb+xSa0="></latexit>

✓̃k =arctan
ce,kdl,k cos (pl,k)� cl,kde,k cos (pe,k)

ce,kdl,k sin (pl,k)� cl,kde,k sin (pe,k)

� arccos
dl,kde,k sin (pe,k � pl,k)q

c2e,kd
2
l,k + c2l,kd

2
e,k � 2cl,kce,kdl,kde,k cos (pl,k � pe,k)

<latexit sha1_base64="25fansRz9ErX0UbkMKY73iW0w00="></latexit>
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Ø Solution 2: Minorization maximization (MM) with AO
<latexit sha1_base64="6hv+3Caj26/XspNbEgoydgDCT9c="></latexit>

maximize
�

1 + 1
�
2
l

��hH

l �Gw
��2

1 + 1
�2
e
|hH

e �Gw|2

subject to � = diag
�
e|✓1 , e|✓2 , · · · , e|✓M

�

Ø Reformulation
<latexit sha1_base64="fBH2t+SOmCGtQmwz+l984BaJvHI="></latexit>

maximize
v

g(v) =
vHYlv

vHYev

subject to |vk| = 1, k 2 {1, 2, · · · ,M}

<latexit sha1_base64="/LbjfBrcMSathxDgK7Obc3ZX+kA="></latexit>

v = [e|✓1 , . . . , e|✓M ]H , Yi =
1

M
IM +

P

�2
i

diag(hH

i
)G↵HGHdiag(hi)
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Ø Solution 2: Minorization maximization (MM)

Ø A lower bound on the objective function        that touches the 
objective function at point

<latexit sha1_base64="s3eVoZT3W/mVpZ6SCUBLTkVBpls=">AAAB9XicdVDLSgMxFM3UV62vqks3wSLUzZCZWjvdFdy4rGAf0I4lk2ba0MyDJFMpQ//DjQtF3Pov7vwbM20FFT0QOJxzL/fkeDFnUiH0YeTW1jc2t/LbhZ3dvf2D4uFRW0aJILRFIh6Jrocl5SykLcUUp91YUBx4nHa8yVXmd6ZUSBaFt2oWUzfAo5D5jGClpbtRuR9gNfb8dDo/h4NiCZmoVrdtByLTchznsq5JpVapOghaJlqgBFZoDorv/WFEkoCGinAsZc9CsXJTLBQjnM4L/UTSGJMJHtGepiEOqHTTReo5PNPKEPqR0C9UcKF+30hxIOUs8PRkllH+9jLxL6+XKN9xUxbGiaIhWR7yEw5VBLMK4JAJShSfaYKJYDorJGMsMFG6qIIu4eun8H/Stk2raqKbi1LDXtWRByfgFJSBBWqgAa5BE7QAAQI8gCfwbNwbj8aL8boczRmrnWPwA8bbJ2nmkmw=</latexit>

g(v)
<latexit sha1_base64="WpwIqy155xUbjFUgA/JoY2lQKcI=">AAAB+3icdVDLTgIxFO3gC/GFuHTTSExwM+mAyLAjceMSE3kkgKRTOtDQeaTtEHEyv+LGhca49Ufc+Td2ABM1epImJ+fcm3t6nJAzqRD6MDJr6xubW9nt3M7u3v5B/rDQlkEkCG2RgAei62BJOfNpSzHFaTcUFHsOpx1nepn6nRkVkgX+jZqHdODhsc9cRrDS0jBf6HtYTRw3niXD+9u4pM6SYb6ITFSrl8s2RKZl2/ZFXZNKrVK1EbRMtEARrNAc5t/7o4BEHvUV4VjKnoVCNYixUIxwmuT6kaQhJlM8pj1NfexROYgX2RN4qpURdAOhn6/gQv2+EWNPyrnn6Mk0qfztpeJfXi9Srj2ImR9GivpkeciNOFQBTIuAIyYoUXyuCSaC6ayQTLDAROm6crqEr5/C/0m7bFpVE12fFxvlVR1ZcAxOQAlYoAYa4Ao0QQsQcAcewBN4NhLj0XgxXpejGWO1cwR+wHj7BMWMlOE=</latexit>

v(t)
z

Ø The key to the success of MM lies in constructing a surrogate 
objective function                for which the maximizer           is easy 
to find

<latexit sha1_base64="3zip+AfSKxIJYtV7j72eX4MhC3g="></latexit>
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⌘
<latexit sha1_base64="BSeftIdERqYwKFqY5o2XoTFPuNU="></latexit>
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Ø Solution 2: Minorization maximization (MM)

<latexit sha1_base64="Jg3iDASfkukxOE5NSYWa/L28tO4="></latexit>

g(v) =
vHYlv

vHYev
� f (v|vz) + [g(vz)� f(vz|vz)] ,

<latexit sha1_base64="b7rKDozKXzZEJHXVBm+ZC+B5E3s="></latexit>

f (v|vz) = 2
<
�
vH

z
Ylv

�

vH
z
Yevz

� vH

z
Ylvz

(vH
z
Yevz)

2

n
�max(Ye)M

+ 2<
�
vH

z
[Ye � �max(Ye)IM ]v

�o
,

where

and is a term that is irrelevant for optimization.
<latexit sha1_base64="rf6B9nMFyHLsg49AYeo8Dbfc9f8=">AAACFnicdVDLSgMxFM34rPVVdekmWIS66JCZWjvdFdy4rGAf0JaSSTNtaOZBkinUsV/hxl9x40IRt+LOvzF9CFb0QODknHu59x434kwqhD6NldW19Y3N1FZ6e2d3bz9zcFiXYSwIrZGQh6LpYkk5C2hNMcVpMxIU+y6nDXd4OfUbIyokC4MbNY5ox8f9gHmMYKWlbibfz7V9rAaul4wm3duzvLf0v1syYTeTRSYqlW3bgci0HMe5KGtSKBWKDoKWiWbIggWq3cxHuxeS2KeBIhxL2bJQpDoJFooRTifpdixphMkQ92lL0wD7VHaS2VkTeKqVHvRCoV+g4Ez92ZFgX8qx7+rK6ZbytzcV//JasfKcTsKCKFY0IPNBXsyhCuE0I9hjghLFx5pgIpjeFZIBFpgonWRah/B9Kfyf1G3TKpro+jxbsRdxpMAxOAE5YIESqIArUAU1QMA9eATP4MV4MJ6MV+NtXrpiLHqOwBKM9y+G46A2</latexit>

g(vz)� f(vz|vz)
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Ø Solution 2: Minorization maximization (MM)

Ø The phase shift optimization problem in each iteration of the AO 
is equivalent to

<latexit sha1_base64="hyXrnHk2dyXnT43iaoFYUzzTG/E="></latexit>
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= arg max
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<latexit sha1_base64="LbPwAHDu/aKO+TYPkL5ygeLKMCA="></latexit>
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where

Ø The optimal solution is given by
<latexit sha1_base64="X+Z0rab65m1qWLkwLyq2kHO8LpU="></latexit>⇣
v(t+1)
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⌘
= unt

⇣
x(t)
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Ø Solution 1: Element-wise BCD

<latexit sha1_base64="EOmV8hY3m9CU7qEYM0I+fQBelA4="></latexit>

✓?k =

(
✓̃k + ⇡ ce,kdl,k cos (pl,k) < cl,kde,k cos (pe,k)

✓̃k otherwise

<latexit sha1_base64="bmuRK8QoEJ2RIwCSGmumF2kfDM4="></latexit>

w? =
p
P�max

�
X�1

e Xl

�
,

Ø Solution 2: AO-MM
<latexit sha1_base64="bmuRK8QoEJ2RIwCSGmumF2kfDM4="></latexit>

w? =
p
P�max

�
X�1

e Xl

�
,

<latexit sha1_base64="X+Z0rab65m1qWLkwLyq2kHO8LpU="></latexit>⇣
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z

⌘
= unt

⇣
x(t)

⌘

M+1 blocks, optimal solutions

2 blocks, 1 optimal solution + M locally optimal solutions
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Ø Simulation results
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Ø The element-wise BCD 
algorithm is suitable for 
small-scale IRS systems
while the AO-MM 
algorithm is preferable 
for large-scale IRS
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Ø Simulation results

Ø The system with IRS 
provides a significant 
performance gain in 
terms of the secrecy rate 
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Ø Deploying IRSs is a 
promising approach for 
improving the physical 
layer security of wireless 
communications systems
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Ø Simulation results

Ø Increasing the number of
IRS reflecting elements is
more efficient than
enlarging the transmit
antenna array size 

Ø More spectral-efficient 
and energy-efficient than
conventional secure 
wireless systems10 20 30 40 50 60
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Ø Conclusion

Problem System Technique Paper

Rate
maximization

Single-user MISO 

SDR Introductory 

BnB SPAWC20 

Manifold ICCC19 

Secure Wireless 
Communication 

Single user + 
single eve 

BCD
GC19

MM

Multiple users 
and eves, robust 

Generic

Power
minimization

Multiuser MISO 

SWIPT with large scale IRSs 
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Ø System model

Ø Received signals:

IRS 1
�1

Roaming user 1
(potential eavesdropper)

Roaming user 2
(potential eavesdropper)

AP G1

G2

H11 H12

hH

31

hH

32

IRS 2
�2

User 3

User 1 User 2

<latexit sha1_base64="+8/TYS5v10q5744hyHZ73Cs0cR0="></latexit>
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<latexit sha1_base64="bc1XUjrIjHNOKk2KeHZkwd1WhC8="></latexit>

hH

k
=

⇥
hH

k1, · · · ,hH

kL

⇤

<latexit sha1_base64="68sl3B79QXS9MVc+sfmp7NI5YuQ="></latexit>

� = blkdiag (�1, · · · ,�l)
<latexit sha1_base64="ODJxtV9o+J4KReY3N5nJitIZkW8="></latexit>

GH =
⇥
GH

1 , · · · ,GH
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Ø Worst-case robust sum-rate maximization

Achievable rate of 
legitimate user k

Artificial noise

Capacity between the AP and 
potential eavesdropper j for decoding 

the signal of legitimate user k

<latexit sha1_base64="nOpDnkDDihtn8hWp8dQIdm96RtM="></latexit>

Hj = H̄j +�Hj ,

⌦j ,
�
�Hj 2 CNr⇥M : ||�Hj ||F  ✏j

 
, j 2 J ,

<latexit sha1_base64="jvRucQVFVn7uCFQ97TS4YLCqODc="></latexit>

maximize
wk,�,Z2H

N
t

X

k2K
Rk

subject to C1:
X

k2K
kwkk2 +Tr (Z)  P,

C2:Z ⌫ 0, C3:� = diag (v) ,

C4: max
�Hj2⌦j

Cj,k  ⌧k,j , 8k, j.

Ø Alternating optimization
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Ø AO I: Optimization of beamforming and AN

<latexit sha1_base64="1nyw1ALMlLrGjLMLsbHDrnKaxto="></latexit>

maximize
wk,Z2H

N
t

X

k2K
Rk

subject to C1:
X

k2K
kwkk2 +Tr (Z)  P,

C2:Z ⌫ 0,

C4: max
�Hj2⌦j

Cj,k  ⌧k,j , 8k, j.

Infinite number of
constraints in C4

A finite number 
of LMI constraints

Generalized
S-procedure

SCA

Ø SOCP or SDP problems



45

v Secure Communication: Multiple Users and Eavesdroppers

Algorithm Design

RIS Frontier Technique Seminar Series 10 —— Xianghao Yu

Ø AO II: Optimization of IRSs
<latexit sha1_base64="EjtZn9FSweN4d2JbP5H4STQ11q0="></latexit>

minimize
pk,j�0,�

�
X

k2K
Rk

subject to C3:� = diag (v) ,

C4:Pk,j + Sj�Rk�
HSH

j
⌫ 0, 8k, j.

Ø : Manifold optimization, BCD, and MM are NOT applicable
<latexit sha1_base64="C2kSnYAJggk+uOnglmUdYqDQneo=">AAAB/XicdVDLSgMxFM34rPVVHzs3wSK4GjJ92Omu0I3LCvYBnaFk0rQNzUyGJCPWofgrblwo4tb/cOffmD4EFT0QOJxzD/fmBDFnSiP0Ya2srq1vbGa2sts7u3v7uYPDlhKJJLRJBBeyE2BFOYtoUzPNaSeWFIcBp+1gXJ/57RsqFRPRtZ7E1A/xMGIDRrA2Ui937Aljz9KpFwbiNq2XptNeLo9sVKkWCi5EtuO67kXVkGKlWHYRdGw0Rx4s0ejl3r2+IElII004VqrroFj7KZaaEU6nWS9RNMZkjIe0a2iEQ6r8dH79FJ4ZpQ8HQpoXaThXvydSHCo1CQMzGWI9Ur+9mfiX1030wPVTFsWJphFZLBokHGoBZ1XAPpOUaD4xBBPJzK2QjLDERJvCsqaEr5/C/0mrYDtlG12V8rXCso4MOAGn4Bw4oAJq4BI0QBMQcAcewBN4tu6tR+vFel2MrljLzBH4AevtE7Gnlf4=</latexit>

C4

Ø Reformulation:
<latexit sha1_base64="crFKdcKW/HxUXclPGdLLS3yUqIk="></latexit>
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j
⌫ 0, 8k, j,

C7:Diag (V) = 1M , C8:V ⌫ 0, C9:Rank (V) = 1
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Ø AO II: Optimization of IRSs

Ø An alternative representation of rank-one constraint
<latexit sha1_base64="BQSmdQ4rUpArCTXjavskcWtjtrk="></latexit>

Rank (V) = 1 , kVk⇤ � kVk2  0

<latexit sha1_base64="zoHXjfOul8BqENAeRmyUbKA3Hfg="></latexit>
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�
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X

i

Sjdiag (pk,i)Vdiag
�
qH

k,i

�
SH

j
⌫ 0, 8k, j,

C7:Diag (V) = 1M , C8:V ⌫ 0

Ø Penalty-based method
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Ø Simulation results
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Ø Simulation results
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Ø Multiple IRSs create 
multiple independent 
propagation paths which 
introduces macro diversity

Ø Distance between each 
legitimate user and its 
nearest IRS is reduced
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Ø Conclusion

Problem System Technique Paper

Rate
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Ø Considered optimization problem
<latexit sha1_base64="8O2uYOGJwy7muL0AI9SCGkhDTuA="></latexit>

min
W,�

f(W,�)

s.t. |�i,i| = 1, 8i,
W 2 X1

Ø Alternating optimization (AO)

Ø Optimization of : Identical to systems without IRSs
Typically, optimal solutions obtained

<latexit sha1_base64="AvhNz0fGBPF7JM1KyDvFik5pC+c=">AAAB8XicdVDLSgMxFM3UV62vqks3wSK4GjJTa6e7ghuXFewD26Fk0kwbmskMSUYoQ//CjQtF3Po37vwbM20FFT0QOJxzLzn3BAlnSiP0YRXW1jc2t4rbpZ3dvf2D8uFRR8WpJLRNYh7LXoAV5UzQtmaa014iKY4CTrvB9Cr3u/dUKhaLWz1LqB/hsWAhI1gb6W4QYT0Jwqw7H5YryEb1hut6ENmO53mXDUOq9WrNQ9Cx0QIVsEJrWH4fjGKSRlRowrFSfQcl2s+w1IxwOi8NUkUTTKZ4TPuGChxR5WeLxHN4ZpQRDGNpntBwoX7fyHCk1CwKzGSeUP32cvEvr5/q0PMzJpJUU0GWH4UphzqG+flwxCQlms8MwUQykxWSCZaYaFNSyZTwdSn8n3Rc26nZ6Oai0nRXdRTBCTgF58ABddAE16AF2oAAAR7AE3i2lPVovVivy9GCtdo5Bj9gvX0CT62RTQ==</latexit>

W

Ø What about the optimization of ?
<latexit sha1_base64="n1r2dSjOZZwVl80HfHJ3Dcg9hWQ=">AAAB9HicdVDLSgMxFM34rPVVdekmWARXQ2Zq7XRXcOOygn1AZyiZNNOGZjJjkimUod/hxoUibv0Yd/6N6UNQ0QOBwzn3ck9OmHKmNEIf1tr6xubWdmGnuLu3f3BYOjpuqySThLZIwhPZDbGinAna0kxz2k0lxXHIaSccX8/9zoRKxRJxp6cpDWI8FCxiBGsjBX6M9SiMcr85YrN+qYxsVKu7rgeR7Xied1U3pFKrVD0EHRstUAYrNPuld3+QkCymQhOOleo5KNVBjqVmhNNZ0c8UTTEZ4yHtGSpwTFWQL0LP4LlRBjBKpHlCw4X6fSPHsVLTODST85DqtzcX//J6mY68IGcizTQVZHkoyjjUCZw3AAdMUqL51BBMJDNZIRlhiYk2PRVNCV8/hf+Ttms7VRvdXpYb7qqOAjgFZ+ACOKAGGuAGNEELEHAPHsATeLYm1qP1Yr0uR9es1c4J+AHr7ROJaJKR</latexit>

�



51

v Rate Maximization:A Low-Complexity Framework

Algorithm Design

RIS Frontier Technique Seminar Series 10 —— Xianghao Yu

Ø Take as optimization variable rather than
<latexit sha1_base64="I71gZJT+WeZqaU8MiLTza111InM="></latexit>

⇥ = [✓1, ✓2, · · · , ✓M ]T
<latexit sha1_base64="n1r2dSjOZZwVl80HfHJ3Dcg9hWQ=">AAAB9HicdVDLSgMxFM34rPVVdekmWARXQ2Zq7XRXcOOygn1AZyiZNNOGZjJjkimUod/hxoUibv0Yd/6N6UNQ0QOBwzn3ck9OmHKmNEIf1tr6xubWdmGnuLu3f3BYOjpuqySThLZIwhPZDbGinAna0kxz2k0lxXHIaSccX8/9zoRKxRJxp6cpDWI8FCxiBGsjBX6M9SiMcr85YrN+qYxsVKu7rgeR7Xied1U3pFKrVD0EHRstUAYrNPuld3+QkCymQhOOleo5KNVBjqVmhNNZ0c8UTTEZ4yHtGSpwTFWQL0LP4LlRBjBKpHlCw4X6fSPHsVLTODST85DqtzcX//J6mY68IGcizTQVZHkoyjjUCZw3AAdMUqL51BBMJDNZIRlhiYk2PRVNCV8/hf+Ttms7VRvdXpYb7qqOAjgFZ+ACOKAGGuAGNEELEHAPHsATeLYm1qP1Yr0uR9es1c4J+AHr7ROJaJKR</latexit>

�

Ø Gradient descent

Ø Classic Armijo-Goldstein (AG) line search

<latexit sha1_base64="M0ANoYExkO+Ve8sc9T1qEifi6X4="></latexit>

⇥(t+1) = ⇥(t) � �(t)r⇥f(X(t))

<latexit sha1_base64="ufxkzqT8auey4TiRgXM+vGK2R7U="></latexit>

f(⇥(t+1),W(t))  f(⇥(t),W(t))� c�(t)r⇥f(X(t))Tr⇥f(X(t))

<latexit sha1_base64="50BA2LIJ0KTSPC7CwJsIJGa43rk="></latexit>

min
⇥

f(⇥|W(t))

Ø Our proposal

Block-wise monotonicity

<latexit sha1_base64="p1zmpZPsY3vsP6Nb7Uuw1U2yo0Y="></latexit>

f(⇥(t+1),W(t+1))  f(⇥(t),W(t))| {z }
(a)

�c�(t)r⇥f(X(t))Tr⇥f(X(t)).

Iteration-wise monotonicity

Theoretical convergence result
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Ø Simulation result
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Ø Support large-scale IRS

optimization

Ø SDR: Complexity of SDP

Ø Element-wise BCD:
Large number of blocks

Ø Manifold: Block-wise
monotonicity
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Ø Conclusion

Problem System Technique Paper
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Ø Limitation of SDR for rate maximization
<latexit sha1_base64="zaI9dCRlDQdlGJg9earfJfpysX8="></latexit>

maximize
w,v

f(w,v)

subject to |vi| = 1, 8i = 1, 2, · · · ,M + 1,

kwk2  P.

Ø Optimality cannot be guaranteed when recovering from<latexit sha1_base64="K/XD0Ka6ybuWJVIo3CvfA7pWuf0=">AAAB8XicdVDLSgMxFM34rPVVdekmWARXQ2Zq7XRXcOOygn1gO5RMmmlDM5khyRTK0L9w40IRt/6NO//GTFtBRQ8EDufcS849QcKZ0gh9WGvrG5tb24Wd4u7e/sFh6ei4reJUEtoiMY9lN8CKciZoSzPNaTeRFEcBp51gcp37nSmVisXiTs8S6kd4JFjICNZGuu9HWI+DMJvOB6UyslGt7roeRLbjed5V3ZBKrVL1EHRstEAZrNAclN77w5ikERWacKxUz0GJ9jMsNSOczov9VNEEkwke0Z6hAkdU+dki8RyeG2UIw1iaJzRcqN83MhwpNYsCM5knVL+9XPzL66U69PyMiSTVVJDlR2HKoY5hfj4cMkmJ5jNDMJHMZIVkjCUm2pRUNCV8XQr/J23Xdqo2ur0sN9xVHQVwCs7ABXBADTTADWiCFiBAgAfwBJ4tZT1aL9brcnTNWu2cgB+w3j4BfsiRbA==</latexit>v
<latexit sha1_base64="e1B0hGGC5mRv0LA+u2cmvoEcvEE=">AAAB8XicdVDLSgMxFM3UV62vqks3wSK4GjJTa6e7ghuXFewD26Fk0kwbmskMSUYoQ//CjQtF3Po37vwbM20FFT0QOJxzLzn3BAlnSiP0YRXW1jc2t4rbpZ3dvf2D8uFRR8WpJLRNYh7LXoAV5UzQtmaa014iKY4CTrvB9Cr3u/dUKhaLWz1LqB/hsWAhI1gb6W4QYT0JwqwzH5YryEb1hut6ENmO53mXDUOq9WrNQ9Cx0QIVsEJrWH4fjGKSRlRowrFSfQcl2s+w1IxwOi8NUkUTTKZ4TPuGChxR5WeLxHN4ZpQRDGNpntBwoX7fyHCk1CwKzGSeUP32cvEvr5/q0PMzJpJUU0GWH4UphzqG+flwxCQlms8MwUQykxWSCZaYaFNSyZTwdSn8n3Rc26nZ6Oai0nRXdRTBCTgF58ABddAE16AF2oAAAR7AE3i2lPVovVivy9GCtdo5Bj9gvX0CTiiRTA==</latexit>

V

<latexit sha1_base64="VUMaQdFgildNeeLDkqeG9hHafKs="></latexit>

maximize
W,V

f(W,V)

subject to Diag (V) = 1,

Tr (W)  P,

Rank (V) = 1
Optimality
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Ø Problem formulation
<latexit sha1_base64="7AkNNWeksrriLx+PgOCwFRFW4jg="></latexit>

minimize
wk,�

f (wk;�) =
X

k2K
kwkk22

subject to SINRk � �k, 8k,
� = diag

�
e|✓1 , e|✓2 , · · · , e|✓M

�
,

Ø What will happen if we apply AO to the above problem?

<latexit sha1_base64="or8VByaZRSDpRiAbBp8TRIColEM="></latexit>

minimize
wk

f (wk) =
X

k2K
kwkk22

subject to SINRk � �k, 8k,

Ø AO I: Beamforming Optimization

Optimal solution
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Ø Limitation of SDR for power minimization
<latexit sha1_base64="NZ+ZtGJ3pvru/dzZB1W2X3bdI/4="></latexit>

minimize
�

1

subject to SINRk � �k, 8k,
� = diag

�
e|✓1 , e|✓2 , · · · , e|✓M

�
.

<latexit sha1_base64="N69vr2S24esR0brQ8pd0Pzn5tmw="></latexit>

minimize
wk

f (wk) =
X

k2K
kwkk22

subject to SINRk � �k, 8k.

Ø After the optimization in the t-th iteration, we have
<latexit sha1_base64="w5azHnycBjW2uawi4mpzFMJFyxM="></latexit>

w(t)
k ;�(t)

Ø Then we find a (if we could)
<latexit sha1_base64="pboJU47opeC+W5owfPvfYueF4hU=">AAAB/nicdVDLSgMxFM3UV62vqrhyEyxCRRgyU2unu4IblxVsLXRqyaSZNjTzIMkIZSj4K25cKOLW73Dn35hpK6jogcDhnHu5J8eLOZMKoQ8jt7S8srqWXy9sbG5t7xR399oySgShLRLxSHQ8LClnIW0ppjjtxILiwOP0xhtfZP7NHRWSReG1msS0F+BhyHxGsNJSv3jgBliNPD91myM2vU3L6tQ6mfaLJWSiWt22HYhMy3Gc87omlVql6iBomWiGElig2S++u4OIJAENFeFYyq6FYtVLsVCMcDotuImkMSZjPKRdTUMcUNlLZ/Gn8FgrA+hHQr9QwZn6fSPFgZSTwNOTWVj528vEv7xuonynl7IwThQNyfyQn3CoIph1AQdMUKL4RBNMBNNZIRlhgYnSjRV0CV8/hf+Ttm1aVRNdnZUa9qKOPDgER6AMLFADDXAJmqAFCEjBA3gCz8a98Wi8GK/z0Zyx2NkHP2C8fQIZ1ZWJ</latexit>

�(t+1)

Ø The beamforming vectors are optimized based on
<latexit sha1_base64="pboJU47opeC+W5owfPvfYueF4hU=">AAAB/nicdVDLSgMxFM3UV62vqrhyEyxCRRgyU2unu4IblxVsLXRqyaSZNjTzIMkIZSj4K25cKOLW73Dn35hpK6jogcDhnHu5J8eLOZMKoQ8jt7S8srqWXy9sbG5t7xR399oySgShLRLxSHQ8LClnIW0ppjjtxILiwOP0xhtfZP7NHRWSReG1msS0F+BhyHxGsNJSv3jgBliNPD91myM2vU3L6tQ6mfaLJWSiWt22HYhMy3Gc87omlVql6iBomWiGElig2S++u4OIJAENFeFYyq6FYtVLsVCMcDotuImkMSZjPKRdTUMcUNlLZ/Gn8FgrA+hHQr9QwZn6fSPFgZSTwNOTWVj528vEv7xuonynl7IwThQNyfyQn3CoIph1AQdMUKL4RBNMBNNZIRlhgYnSjRV0CV8/hf+Ttm1aVRNdnZUa9qKOPDgER6AMLFADDXAJmqAFCEjBA3gCz8a98Wi8GK/z0Zyx2NkHP2C8fQIZ1ZWJ</latexit>

�(t+1)

<latexit sha1_base64="C0EE1DscXRr58ZqyHMMv1Zyp1aU="></latexit>

f
⇣
w(t)

k ;�(t+1)
⌘

(a)
= f

⇣
w(t)

k ;�(t)
⌘ (b)

6� f
⇣
w(t+1)

k ;�(t+1)
⌘

Monotonicity
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Ø Limitation of SDR for power minimization

<latexit sha1_base64="NZ+ZtGJ3pvru/dzZB1W2X3bdI/4="></latexit>

minimize
�

1

subject to SINRk � �k, 8k,
� = diag

�
e|✓1 , e|✓2 , · · · , e|✓M

�
.

<latexit sha1_base64="Pok8f8adBSjkKfi2mSMn9g7HlTg="></latexit>

,

minimize
V2HM+1

1

subject to Tr (RkV)  �̂k, 8k,
Diag (V) = 1M+1,

Rank (V) = 1,

V ⌫ 0,

Ø Gaussian randomization
<latexit sha1_base64="PYAnr4v1KRVEvnNBMExyGc8gdwQ="></latexit>

v̄ ⇠ CN (0,V)

Ø QoS constraint violation – Infeasible! 

Ø The convergence of the state-of-the-art SDR-based AO algorithm 
is NOT guaranteed – Even worse than that for rate maximization

Optimality

FeasibilityØ Normalization:
<latexit sha1_base64="vfoMPKizh/CqFfEljNalI+MSKsw="></latexit>

v = unt (v̄) ,

v1
|v1|

,
v2
|v2|

, · · · , vM+1

|vM+1|

�
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Ø Convergence of the SDR-AltMin algorithm
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Ø Problem reformulation

<latexit sha1_base64="TVI9ZlK0nAJYdpJCi3qweJeZ7tU="></latexit>

minimize
Wk2HNt ,V2HM+1

f(Wk) =
X

k2K
Tr (Wk)

subject to C1: �k�
2
k
+ �k

X

k2K
Tr

�
WjGkVGH

k

�
� Tr

�
WkGkVGH

k

�
 0, 8k,

C2:Diag (V) = 1M+1,

C3:Rank (V) = 1,

C4:Rank (Wk) = 1, 8k,
C5:V ⌫ 0, C6:Wk ⌫ 0, 8k.

Ø Coupling of variables

Ø Three non-convex constraints: C1, C3, C4
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Ø Inner Approximation: C1

The general IA algorithm optimizes a 
sequence of approximating convex programs. 
In each iteration of the algorithm, the non-
convex constraints are approximated by 
their convex counterparts
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Ø Inner Approximation: C3

Ø Resulting optimization to be solved in the (t+1)-th iteration of IA

Ø Guaranteed to converged to a KKT point

Ø An optimal beamforming matrix      satisfying                     can 
always be obtained
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Ø Simulation results
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Ø Simulation results
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Ø Ability of IRSs to establish 
favorable channel 
conditions, which 
facilitates achieving the 
QoS of the users at lower 
transmit powers

Ø Effectiveness of the 
proposed optimization 
methodology



64

v Power Minimization: Multiuser MISO

Algorithm Design

RIS Frontier Technique Seminar Series 10 —— Xianghao Yu

Ø Conclusion

Problem System Technique Paper
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Ø Current IRS modeling
IRS element
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Ø Each element is modeled as a phase

shifter:

Ø A novel physics-based modeling [Ref]

[Ref] M. Najafi, V. Jamali, R. Schober, and H. V. Poor, “Physics-based modeling and scalable
optimization of large intelligent reflecting surfaces,” under revision in IEEE Trans. Commun., 
arXiv:2004.12957, Sept. 2020.

Ø Partition the large IRS into several tiles

Ø Bottleneck for large-scale optimization

Ø Each tile has a certain configuration of
phase shifts
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Ø Offline design: Generate a codebook by jointly designing the 
phase shift elements of each tile for the support of different 
transmission modes

Ø Online design:We choose the best transmission mode from the 
transmission mode set for each tile such that the performance is 
optimized
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bs,t =

(
1 tile t employs transmission mode s

0 otherwise

Ø Example:A codebook-based design
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Ø Effective end-to-end channel between the AP and a receiver
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Response function of tile t applying 
the s-th transmission mode [Ref]

[Ref] M. Najafi, V. Jamali, R. Schober, and H. V. Poor, “Physics-based modeling and scalable
optimization of large intelligent reflecting surfaces,” under revision in IEEE Trans. Commun., 
arXiv:2004.12957, Sept. 2020.
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Ø Example: IRS-Assisted SWIPT
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Ø Coupling: Big-M reformulation

Ø Binary:
Penalty-based method + SCA
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Ø Simulation results

10 12 14 16 18 20

Minimum required SINR (dB), 
req

10

15

20

25

30

35

40

45

A
ve

ra
g

e
 t

o
ta

l t
ra

n
sm

it 
p

o
w

e
r 

(d
B

m
)

Proposed scheme, S = 45

Baseline scheme 1, S = 45

Baseline scheme 2

Proposed scheme, S = 90

Proposed scheme, S = 300

Conventional phase shift model

Linear EH model, S = 90

S = 45

S = 90

Conventional

phase shift model

S = 300

Proposed scheme

Linear EH model

Baseline scheme 2

Baseline scheme 1

Power savings

Ø More transmission modes,
less transmit power

Ø Enable scalable optimization 
framework [M=480!]

Ø A flexible tradeoff between 
computational complexity 
and performance
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Ø Conclusion

Problem System Technique Paper
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Potential Research Directions
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Ø Other methods to tackle coupling

Ø Large-scale IRSs optimization for sophisticated systems

Ø More tractable IRS/channel model with good accuracy
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Ø IRS deployment optimization

Ø IRS cooperation
Ø Channel estimation for IRS-assisted systems

Ø Stochastic geometry analysis of IRS-assisted networks
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