RIS+ -

T F b B 7 G e RT3
FREATFELR €4 BFEL3 3 By %2

et TR TR AT kAL m o E SR T B G R A T
(RERF £ L)
Tags clEEAE LEEI R

3 %% I NSC 98—2218—E—009—008 —MY3
HeEHEF L 98 272 1p z 10l& T7T* 3lp

REWHE 7R RL A FR /YT

FEIAIEACFRFE KT Wz~ E3p1£8
iAol EE K Bl ~FT W1 F K
AL F B~ FTP1EF
ek S S ik Bz & Faaa sy Hr
%R Bl R ELFEAI BT
SER R Wi RN T = W N -
REE BKE Rz Fdnied
EEz F3R HMERARTIHFTRETS Y
PEEEAR LTGRO FRE O HH B TR aER R i
TFE AL

j&‘:‘i%“fﬁﬁlfa#%fﬂ;ﬁ o ¥ ZTAMRIEL X 1
[# s 7y e HFL

(07 % 8 g o 740 2
R T

RT3 DAl P E R T E B TR A

(2 I8 s FEMAE (- a[J- 247 2B 43

¢ % ® 101 & 10 * 29 p



© & T

1 .4v £ = CRC ¢ Ibrahim Haroun 1 %EEFF PR A feif i Y v id o %37 60-GHz Branch-Line
Coupler = low noise amplifier » * # 3| % 45 77 S % % -
D P HRABAFARKE BRI EEB R LR F R R R
1A Zi e £+ i b hinME w2 ﬁg
3FEMRRAELALIG  FL G HFE B P LA e &P AL AR
AF FERE A HECFVIMGEKRE FFE SR o

dp PR S (CIO)F FMHRZI 2 ~FihiE ~ s FA2 S 884 £ 5 CRCo @1 A7 IC
3 g%p&@ﬁ;ﬁ& B BA 4o f;« > W mé»‘gﬁ&ﬁ;rkmlc ko

OF & + %
4 £ 4 CRC 5.8 CIC inpars » A3t H 230
£+ CRCEFRZR -3 A&h3 % A2 o

=290 2k CMOS IC ® %> Zjgm = 2 d 4

REEHIT
—
Y RF Front End Baseband
Antenna INA T Intelligent Radio Sensing and Learning
1xCr Spectrum Opportunity Realization
VC( _—
BEETIEAY
A.D/ - PA Mixer
Scheduling for Mulituser \Q
\r‘l[V[O Systems M
—4
EREHE M IC Realization, Measurement
and IPD Package
EB ﬁ—ﬁm p——
| C uopumlm. Communications

\
%%%

oA



LR
ABEFT R A AR AP WO P T T R R il e H P SR 5 TR
’;‘ #ﬁffﬁ‘:%i&@'h‘ AL A Ao pR LRI G & 70 ;g:rrﬁ_fﬁmw@g 5 Ao i p)
:Pr{&ua MM TR Gt A ez g ot ’*ﬁd iF 2L AR TR 2 A o] 0 TR [R5

??, B 2RI 8 iﬂ““&*? RIS AR LA T SF NI A e é*i? 1“75]%? 2 B VR e

e ﬁv&jﬂiﬁ TR H Y- ERARY 0.15-um BHIEFETF EH F T HWEHEMT) % 9 R
I 2 Ap x“"“*ﬁfrﬁf F A E LR IFL L“ﬁﬂpHEMTf‘-‘%‘q’aai‘é_%’ F 84 F 7 5HAH(mMHEMT)
= pp ks dp N A E o A ATy R MM S| AR 0 F AR 7 60-GHz £ 5% 40 4 B (reflection-type
phase shifter) » ¥ | * 4p# BF FcA 8x8 # P sErd » T AZE Y A I A B wayk f 0 S fS AL
FI% &R 2 £ @R A(CRLH TL)S X 15 2 808 4 o ppdv b sttt > Rt ﬁﬂ
7 — i & 1738 %8 1 p(collaborative change detection) ™ j# o $345 #7% J§ ik Sufrid * i Rl 2 o 0
e MR APNENDHETN R E 0 AR pROTIEEGE FRE TN R '5&72
(fixed-sample-size, FSS)F R F eimiir o« ¥ - 2 & > FIZ ARTH T ARELF ¥ 7 " Lho 2 TR &
e F et G ATH R AR E P P TE AP S S IT L ARy SRR 2 T
/R A TREE AR TN S - RN mi#& FrhAMRER 2y g
o ERemshd BAHE TR Y 0.35-um SiGe WARARFRMA TN ABAEAR Ka PR EHRFER
fv 60 GHz =k 3¢ (R AE B o I P * ff Rk #° ~ 12 Poji(Integrated Passive Device, IPD)2- pL38 4% § 1
60-GHz w i€ i % L & % AL 5] % 5o Multiple-input multiple-output (MIMO) st B L& * & &
A A kA > A A F BF g Beamforming HEY o ?'J * MIMO & 3T enid %Jﬁz Hpe
e i i i ‘E‘M% %;&iri%\ P E A A R R 2 HE T e AR ek R 0 60
GHZ AAFHHReRA s NP F o Bd e 52 9% g e 50 1566 H M5 > @ Wireless Open
Access Research Platform (WARP)E_B 4+ e # » ¥ M5 H - T "% MATLAB sV B2 2 2 4

R BRTEM AGEE JE a0 A AR * T 2 4 #F § 1 (Orthogonal Frequency Division Multiplexing,
OFDM):}iﬁirm}g- @ A7 (Cognitive Radio, CR) % st¥ » & 417 é’“—r Z R e T o A3t

@ i 4 5k 32 5% (sequential probability ratio test, SPRT)# 3% 1) 1 # >t 34| w R 415 & chF L & >
FEE‘*ﬁ‘* DR R O ORI R ARk LR RO L R RIS 2 iR BT 0 KA EE B
@*iwﬂ Pk Pl T ew R R o

= -fl‘ B PEAE TR 5 o0 @ % 7 0.35-um SiGe ® A2k F R * 3 V Band shfE=x B R
%iﬁf EF;(Dual Direct Down-Converter) > 3% 7. i :l%—% Tkt - H-SREBEIGIpFHAELEL S

(ﬂd\

Mo ¥ P 460 GHz BE=0 "4 Berdh [ i L E T R > % - 554 S ‘*é A= AR R
4 F'&%k‘ﬁ > TOMBRI M R % 2 X KM{;‘:}%’# 7 F e N ,,h;tgas » AP HEAEL S D FHE @r_.&ﬁﬂj, o
@w@%mwﬁ’%¥@%ﬁamﬁmm@ BOMHT RN FHL O OBASE T ERT S LT -
*ﬂﬁﬁ%ﬁ?m' S ERRPAEHBEHS T L - BER AP AP BHAA TR

K s A &@*“T i B RGO P AV E RRAN A SR TRART TH BEY - 6
AL %%ﬁ *ﬁrETm@ﬁmﬁoi PR A PRS- BRAARERTER Y K

#kﬁmﬁﬁﬁ E S \i%ﬁi@’ﬁ ET AR BTG F R FETIE S BEE S A @ F R
ERTEFEREAARR Y FHAR R F T R D 2 2T 00 f*-’z‘rﬁah%ﬂr%a PR TR
AR ]‘i “/uf/f%ﬁm*iﬁ;% i * 2 °1,§,frﬁ<<5£n,m*% Freg g dp S B M AP D - B AR T }ﬂ pde 1 iR
Il & "ﬁ Poanig * MR R ¥ - BAATREERT ook P T A3t E ki
- EOANPEINFERFORF OFENTFERE T 0 e L X REHPTUE TR m%z#?,%xf_
fo@ gl £ RELAERE o A PHH LS e 5 3 MBRY {17 B35 LY (precoding) s § 5 4R
F ﬁ(opportumstlc multicast scheduling, OMS)Hjir o fpt & 3ue > e o BiEMEL L7 ip LAY
I S ik ik PSS b AR G550 Y % i (unicast)
22 & ¥ (broadcast)z. & P~18 T fiw(tradeoff) > & &_% % #%, BTFLV - HEEINL N S K
Wi A4 *—tm—liﬁ"ﬂthé‘éﬁg‘_}ai&a—m‘i%oi\l]’“g\ TR S EET R BELEEY ST

o



fesd E 3973 * 2 ol i 5 i3 4 (channel state information, CSI) o 3t % € 3% ¥ A2 {r B %37 L %
AR S A R kKR £ T35 2 5o § (the worst per-user throughput)qfr%v. {5
et (weighted sum throughput) » % % T2 H * = pF > +“$‘§\¢5 B 28R 35 0 f i el % TE L sl B R
39 € 225 5 (non-convex) sk £ it R AE > F]Ut A e AR E S e T TR %\(convex feasibility
problem) 3 ¥ {17 = 4 fc 5 (bisection scarch) & 2 11 % < B A0 B P e 2 iE R o

K B ALA L LB E AL b AT f P S D B e R 15 B AT SER § B A R -
rﬂ oo AR A - B (NEEF 2R B2 (iterative user selection algorithm) » * K 'F M e F aiE R o
Y-2g o AP gl LV e AT OEEHEE (device-to-device, D2D) 3 Hjiw o 1€ (B 5 I 4p 4K
XY B a‘&*ﬁ' M ifﬁfi)iu% * IR R eE B e Bt KN ks -}'m@ﬁ;ﬁm,p o AE S
T ﬁ’é @@15 e ’fﬁ AR AP RMEE AR SHAT A Gt E o A Y B a2 2
— *ﬁ“ﬁ AR LR R P RBPHFR YIRS LT R0 DR 22

P ERHYARS ~«§Jbi—5’i’«f€-‘1i"&’7 Poig HE o H ¢ 2 Bi4Er §_D2D it (Pico-Net)2 4P B #4a
ﬁ’éi"-— whﬁ-~a‘i€¢ AR EFLHRDT - B ;}f}‘iﬁ%ﬁ BREAARLE T AR R B E LR v
Léi?jgﬁjéﬁﬁ%.ﬁ_ﬁf%?*Jﬂfﬂﬁd?/ﬁ‘(lgﬂ'iﬁ_ﬁﬁ FERRESEFEEZ J%oi\.ma,g\&;ﬂ:n BIE H o
B B A GET g hs Bisg L 2 BiE A2 (Homogeneous Poisson Point Processes, PPP)
ko fp it o F!:b;ﬂ PR AR e A B 2 3 K N R R RCUELE Tk f o AP D2D 4AR A i
+ 1;& SRR T ; - B iz v B 4L > &% - 4 (bisection)iz 2 F 5 rE - ik E B E S F o AN PEP P4
AR B F 2w (quasi-concave)diBic o 4 A D A FIEF G TR 0 AR B E 2 T e
BRIZEP ANPAIOR R B Ard— ik B MBS F o

|

EYIRER

This project includes two main parts—radio frequency (RF) front-end circuits and cognitive communication
techniques. The RF front-end circuits consist of an active transceiver and an adaptive antenna array. On the
other hand, The collaborative change detection and resource allocation and optmization are considered and
researched in the part of cognitive communication techniques. Moreover, by building up the equivalent
baseband models for each RF component and investigating cross-layer designs for baseband and RF, we can
understand the performance deterioration of baseband systems due to the non-ideal characteristic of RF
circuits and thus optimize both baseband and RF circuit design. In active transceiver part, an [/Q
downconverter and single-sideband upconverter are demonstrated using 0.15-um pHEMT technology in the
first year. Morever, pHEMT/mHEMT stacked-LO sub-harmonic mixers are also demonstrated and
compared. On the other hand, 60-GHz reflection-type phase shifter, which is a key component for the
antenna array, is demonstrated. An eight-by-eight Butler matrix is then demonstrated for eight different
beam directions. Finally, a composite right/left- handed transmission line (CRLH TL) is utilized to reduce
the antenna size. A collaborative change detection scheme is proposed in this project for cognitive radio,
where secondary users can collaboratively and efficiently detect the arrival of the primary user’s signal. The
simulation results show that the proposed spectrum sensing scheme outperforms the fixed-sample-size
detector in terms of the average throughput of the secondary network. On the other hand, we consider the
issue of resource allocation for secondary users with a mean primary user outage probability constraint. We
use an iterative waterfilling-like algorithm to solve the optimization problem. The proposed formulation
removes the need of PU location information and, as the numerical results indicate, improves the total
system capacity against that under the worst case constraint.

In the second year, this project includes two main parts—radio frequency (RF) front-end circuits and
cognitive communication techniques. In the millimeter-wave front-end circuits, we choose low-cost TSMC
0.35 £ m SiGe BiCMOS technology to implement a ka-band high-linearity star mixer with trifilar
transformer and a 60-GHz sub-harmonically mixer with a new-type phase-inverter rat-race coupler. On the
other hand, we also design a 60-GHz 4-channel multi-beam phased array antenna system by using integrated
passive device (IPD) technology. The system is consisted of a 60-GHz 1x4 dipole antenna array and a
60-GHz 4x4 Butler matrix beamformer. This system is integrated on the glass IPD substrate with the chip
area of 5x5 mm®. In cognitive communication techniques, this study aims to develop the lattice reduction
aided MIMO beam-forming system and its system implementation. In this year, we finished the efficient
algorithm and architecture design for LLL lattice reduction. A constant throughput lattice reduction



algorithm is proposed, and we design a parallel reduction check architecture that can greatly reduce the
computational complexity and power consumption for the hardware implementation. The Verilog HDL RTL
is implemented for the lattice reduction in the FPGA. The synthesis results show that the performance of our
work is better than those of others in the literature. In addition, fast and accurate spectrum sensing is crucial
in realizing a reliable cognitive network. Cooperative spectrum sensing, developed in this year, can
effectively reduce the mean detection time and i Hierarchical cognitive radio networks are discussed. As the
cognitive radio (CR) technology becomes well-developed and the spectrum resource for wireless
communication becomes more deficient, hierarchical CR networks is regarded as next generation networks.
Concurrent transmissions for unlicensed (secondary) users and licensed (primary) users are allowed to
enhance spectrum efficiency in CR networks. The challenge of hierarchical CR networks is to manage
mutual interference between primary and secondary systems. In the thesis, we focus on the design of uplink
transmission scheme. We present a scheduling algorithm to prevent primary systems from severe
interference; afterwards, we use a beamforming approach to maximize the receive signal’s SINR of multiple
users in the hierarchical CR network with multicarrier transmissions. The proposed methodology provides
many important insights into the system design principles for future hierarchical CR networks.

This project focuses on the study of adaptive communication techniques for cognitive radio. The efficiency
of cognitive radio systems is reliant on two key technologies, the quick and reliable detection of primary
users’ activation state and the efficient use of the available spectrum under interference constraints. In the
first year of this project, a collaborative change detection scheme was proposed to rapidly detect the
presence or absence of primary users and, in the second year, an efficient sidelobe suppression scheme was
proposed for OFDM cognitive radio systems. In the third year, we focus on a specific multicast application
and derive the optimal user selection and transmit covariance matrices under the interference environment.
The use of opportunistic multicast scheduling (OMS) with transmit precoding is examined for multicell
MIMO systems with multiple multicast groups (e.g., several primary and several secondary multicast
groups). In multicast systems, data transmitted by the base-stations (BSs) must be received by all intended
receivers and, thus, the transmission rate is limited by the worst intended receiver. OMS traditionally has
been used to optimize the tradeoff between unicast and broadcast, but can have an even larger impact in
systems with multiple multicast groups since users can be further selected in this case to avoid interference
and to respect priority. Here, we assume that the base-stations (BSs) have knowledge of the data intended for
all groups as well as the channel state information (CSI) of all links. The OMS and transmit precoder are
designed based on two optimization criteria: the worst per-user throughput and the weighted sum throughput.
Given the user selection, the problem of finding the optimal transmit precoder under both criteria are
non-convex and, thus, are alternatively formulated as convex feasibility problems, which are solved via
bisection search. Then, an iterative user selection (IUS) algorithm is proposed to perform the outer
optimization on the number of target receivers. The effectiveness of the proposed schemes are demonstrated
through computer simulations. Device-to-device (D2D) communications as an underlay to a cellular
network enable devices to communicate with each other directly using the same cellular band. Such D2D
links reduce the base stations (eNBs) and core network’s loadings while enhancing the spectral efficiency
and network throughput by taking the advantage of the proximities of devices. Conventional cellular-based
networks require that a link be setup through eNBs/core network. It is very inefficient either in terms of
required multi-hop link setup, routing and other network overheads or from the viewpoint of delay and
power performance if the physical D2D link offers good communication quality. For efficient D2D
communications, a device must be able to track its local environment and discover suitable connecting
devices within a short time span. In this report, we propose a D2D link setup protocol that enables a device
to establish a reliable D2D link using proper radio resources while causing only tolerable interference to
cellular users. We analyze the successful D2D link setup probability based on the proposed protocol and
related signal quality requirements and assume both devices and macrocellular users are distributed
according to some two dimensional Poisson point processes (PPPs). We find that the computing of such a
probability is a quasiconcave function of the device’ transmit power. We apply a bisection search with the
help of the derived upper and lower bounds to accelerate the search and prove that the existence of the
optimal solution.nt on two key technologies, the quick and reliable detection of primary users’ activation
state and the efficient use of the available spectrum under interference constraints. In the first year of this
project, a collaborative change detection scheme was proposed to rapidly detect the presence or absence of
primary users and, in the second year, an efficient sidelobe suppression scheme was proposed for OFDM
cognitive radio systems.



In the third year, we use TSMC 0.35um SiGe BiCMOS technology to implement Dual Direct
Down-Converter for V-Band Applications, this circuit fully integrated Marchand Balun and Trifilar, and
integrated 60 GHz Dual-conversion receiver to integrated circuits(ICs). Schottky barrier diode sub-harmonic
mixer is adopted at first down-converter, and a low noise buffer is added to the inter-stage. Second
down-converter is a resistive mixer with quarture LO signal. The output orthogonal IF signal is through the
wide-band buffer.

And we focus on a specific multicast application and derive the optimal user selection and transmit
covariance matrices under the interference environment. The use of opportunistic multicast scheduling
(OMS) with transmit precoding is examined for multicell MIMO systems with multiple multicast groups
(e.g., several primary and several secondary multicast groups). In multicast systems, data transmitted by the
base-stations (BSs) must be received by all intended receivers and, thus, the transmission rate is Hierarchical
cognitive radio networks are discussed. As the cognitive radio (CR) technology becomes well-developed and
the spectrum resource for wireless communication becomes more deficient, hierarchical CR networks is
regarded as next generation networks. Concurrent transmissions for unlicensed (secondary) users and
licensed (primary) users are allowed to enhance spectrum efficiency in CR networks. The challenge of
hierarchical CR networks is to manage mutual interference between primary and secondary systems. In the
thesis, we focus on the design of uplink transmission scheme. We present a scheduling algorithm to prevent
primary systems from severe interference; afterwards, we use a beamforming approach to maximize the
receive signal’s SINR of multiple users in the hierarchical CR network with multicarrier transmissions. The
proposed methodology provides many important insights into the system design principles for future
hierarchical CR networks.This project focuses on the study of adaptive communication techniques for
cognitive radio. The efficiency of cognitive radio systems is reliant on two key technologies, the quick and
reliable detection of primary users’ activation state and the efficient use of the available spectrum under
interference constraints. In the first year of this project, a collaborative change detection scheme was
proposed to rapidly detect the presence or absence of primary users and, in the second year, an efficient
sidelobe suppression scheme was proposed for OFDM cognitive radio systems. In the third year, we focus
on a specific multicast application and derive the optimal user selection and transmit covariance matrices
under the interference environment. The use of opportunistic multicast scheduling (OMS) with transmit
precoding is examined for multicell MIMO systems with multiple multicast groups (e.g., several primary
and several secondary multicast groups). In multicast systems, data transmitted by the base-stations (BSs)
must be received by all intended receivers and, thus, the transmission rate is limited by the worst intended
receiver. OMS traditionally has been used to optimize the tradeoff between unicast and broadcast, but can
have an even larger impact in systems with multiple multicast groups since users can be further selected in
this case to avoid interference and to respect priority. Here, we assume that the base-stations (BSs) have
knowledge of the data intended for all groups as well as the channel state information (CSI) of all links. The
OMS and transmit precoder are designed based on two optimization criteria: the worst per-user throughput
and the weighted sum throughput. Given the user selection, the problem of finding the optimal transmit
precoder under both criteria are non-convex and, thus, are alternatively formulated as convex feasibility
problems, which are solved via bisection search. Then, an iterative user selection (IUS) algorithm is
proposed to perform the outer optimization on the number of target receivers. The effectiveness of the
proposed schemes are demonstrated through computer simulations.
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Marchand Balun, Radio Frequency Circuit, Trifilar, Dual Down-Converter, Reflection-Type Phase Shifter,
Butler Matrix, Integrated Passive Device (IPD), Multiple-Input Multiple-Output (MIMO), Wireless Open
Access Research Platform (WARP), Orthogonal Frequency Division Multiplexing (OFDM), Cognitive
Radio(CR), SPRT, Cognitive Radio.
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PG BRI R T BT F R B R UL i v
'*ﬁ o ITAR AT R * % € N FIEE 42 (opportunistic multicast scheduling, OMS) % j#;3-[3-6] » # ¥ &=
BRERE S G RY F 03 F e (T gl i ¥ ) §ARE S 42T o ¥ ) A A8 (fountain codes)
W LML LS BRI BE 2 BRI EE L e B 7 AR U R i
foRm L8R o F i —*‘ 4 B (multiuser diversity)fr#4&# 5 (multicast gain) ¥ &« & eh-T 7+ 15 iF &
%?”ﬁﬁﬁ&&m%*iﬁbéakk%i@ﬂo @ﬁwy@wﬂﬁmm;%ﬁmﬂm’%nm
* i@t 4 %275 (successive decod1ng)[9]rn SEpEEER R BUI R L iR Y RE
MAVCF R o v Y 4 G IF I Y REEM fﬂ%‘l%@ﬁﬂmﬁ: o XA pRFY S HBRKT R Y
ﬁﬁgﬁﬁﬁﬁiﬁﬂkﬁﬁﬁﬂm’m%&*afaﬁﬁ%mﬁﬁxaﬁwwmmmmgoMu]
B dE B - AR S H - BRI AR A SR AE o A[12]Y o S B R AT - B
WOF) S e o [13140[14138 &1 1 w8 x htE m[11,12] et BAFSe R o B f % ARk s )é&g S
et T A[1516]F AT P R H RE - AK Ak ARy A 5 R A
%" Bluetooth ~ WLAN (Wireless Local Area Network){rZigBee » Bluetooth®_— fé- & % ¥ # [ ¥ 3 ¥
AFT AHEHE L > FREOE102 ¢ > Bluetooth# % 7 1 % @5 7HH v hE Y o BT i RT
A B fEH 3R inquiry i A2 {rpaging i A7 o e ekl aE 2 B AR 1Y %4 [34] - F] 5 WLAN &1 88 §_
YR A5 o 2w AP (Access Point)ikifl chE R R UL R FiR o H B B L & B BAP @iz .



WLAN % @ BAP= 84 3 2N > — B E %% S HAP B¥iE ke L g > ¥ - B8 d %3
%%%%; @mﬂhd%E&kﬁﬁmwwﬁkmﬁﬁﬁﬂ—ﬁM%“ﬁw’¢mm@F$”@
A2F 12 54 [35] o ZigBeed — fap A Hpendis s S BFR R KR AT UGE O DIRR TG A
o RO AR R i akdpiiE 2 B AT u%ﬂ%thiﬂ{%W+:?ﬁ&"ﬁﬁ*
Bluetoothfr WLAN & # 1% o 2b2% ¥ 4f £ el fis £ SREE R VAT U BRI TS
ﬁ@a&a,gy%ﬁzmﬁwﬁm@%%{,#iﬁm’ﬂ”%*%igf&xda*%iimD
PR FE o

B ki
AFENR MR SR CRAT AL B 7 R

Al f?’?ftﬂﬂ”ﬂﬁmﬂ

Ajperd REHIERAM N AT Rl KA T - BHTOLE LSRG BEH R TR K
o & :‘< VIR S = £ & ,.J;‘E:Lﬁ%;fi‘lééd’m#k'f E-N SR T 4 ,J‘. ,umaiﬁ;%?‘/}il’}’ﬁf‘%fﬁﬁﬁtﬂl" °
FIt o F AR IR R & GrahE B R R R LY JRFEd (B ERY k Meanid g T RS
AR GBROFE S TG RN GAR FRE ST AP

Primary link
Tx1 —a( Rx1

-
-~ -
-

: ~ Interference
-
-

-

Secondary link

W1 PR SSR A ST R SR

BT R AR Z SR KA A ED S g~ § By X A (Multi-Input and Multi-Output
Antenna, MIMO)® I 2 4 #f % 1 (Orthogonal Frequency Division Multiplexing)$itr % § 7 T4L + & -

Secondary System Primary System

Transmit Power Os Op
Set of Scheduled UEs S Sp
Channel of Data he, (M*) flk,nm (M*1)
Channel of ICI ~
g, (M*I) 8, (M*I)
Beamforming Weights W, (M*1) Wk’nw (M*1)
Tx Antennas 1 1
Rx Antennas M M

k : Primary/Secondary UE’s index; n,.: Subcarrier index

1 g dciPei
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desire s| signal ~ "

»
multi—users interference

I E i ~ r -
+ \/(—2!‘ WL',H_.“- {g_!-”.s‘c Sjnac } +W_I,-_”_\t_*_\ T I‘ € S.
JES,
l]ltl'l'—!'l'“;Ilt’]'[i'l'l'l]l'l-
t 2
Qs|W; n,.Ninge

s iy
Y3, nge —

2
+ QP ‘W _gjv’lsc it U?.‘V
JESp

2
QS Z |wj.liscllkrﬂsc

kES, ki

b. B4 L 2UEL YT B2 5ot (SINR):

BRARDAGH T F DR F L BT 1 R R e
BLeSINR » LR B P 5 et A L T A2 5T 2
Problem (1):

Wi, = argmax<in,..

Wr hi .

g

Q.

T

‘ 2

= arg um\

e, Z |W i B, | +QPZ |w,,, 8Bin, | + oy .

keS8 k&£ 1€S,
IWin. |l £1, Vi €S, ng € [1, Ny
S RE R G R APIEY LG BRI B LR RSkl B G
(quasi-concave) & fic » & ¥ iF ¥ © Fronp? AL T B AT R 2 0 L G B i3 1L B AT
Problem(2):

max binge

“"i,n,‘._—-fi,u,.c‘”“"i,nm_—llg

s.t. | AinecWin.. +bll2 < T+ 1/tip, bl Win,..

f -
Ain,, = [111_,%. P ; S ‘,’%fgl_,,“. \X%gm.n“- le.-u] b= [le(n-H")' %]1

Vies, ng€ [1 : w]
REQ) At F T FL e i 48> ¥ 2% JLF ¢ interior-point method % » F]pt & i f2 v 12 % =
A g T E R
1) Set the expected SINR upper bound « and lower bound [: u :— 10* and [ :— 0. Set
convergence tolerance: ¢ := 1.

2) Fori=1:|S|,forn,.,=1:N,.;whileu—1l>¢:

a) i, =(l+u)/2

b) Solve the convex problem (2).

¢) if the problem is solvable, [ := ¢;, . otherwise u :

Lin,-
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AR E R X 2RI

Fkenge \/ ( ;aw_f ns {h& Mg “f Tig Y ()p E w; s Li ngeSinge }

H—"\ Ji#Ek
de -|:ui~| nal
w~
multi—users interference
Vv Qs E wjL nee BiimecSiina w,\ tiac ez K €5
JES
- -
W
inter—cell interference

Fli & kAiende » o A&k i = 2R oF e+ 3B (inter-cell interference) 0 T | F 3 5L e
FV AL T AT
2
Prci(isnee) = Qs 3 [Whn, &in..|
jes
L D ER N LR B R XL R @B R TP H I |- B TEp o
BE > APLKIRREY FDFRLE e E(g)IFH% 2
& EHERE L

.,

L2 <g,: EEHES ] » eApEdpi & fsmfhe 24k - g,=p—0,(dB)

l“‘\ﬂ

2 Wi BRIk AL RI R 3 6 B AP RE S Q:

|ﬁ'r.j-.n,,. g.ﬁ”_n-[

Q’_"‘." —

e ern””g“'“
FALERBEE RS AP AERHIR J AN SRR R R Y B
FrdFHFEAFIAB L BRAPRT F o A E 0 R F SR S e R F AT
AN FRAE O o
TR A = €

Nse
ing 1 =
G(i) = N Z Illli.riﬁ'-_-||
+Vee ?i.«-(':]-
BFEFHFIAMETHE
T _
1 ‘\"” ’lli‘nm_llle__;'-I
Wi = ——
¢ N 86 o =1 ||h'!'-”.-c” ||hj-”w‘
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1) Set an orthogonality tolerance 6 : —120 dBm.
2) Vje[l,K]:

If the channel gain ||g;,. |2 < ga.¥n,. SU j is put into a candidate set S’, else:

0.1 and ICI power threshold p :

a) Calculate the channel correlation metric between SU j and every PU i € S, on all
the subcarriers in the resource block.
b) Find the maximum value of all the correlation metrics in one resource block:
(Qpes max Q'
©) Put SU i, whose Q7% < 4, into a set S
Finally the candidate set becomes:
8" = {jllI&jn.. I < 92, Y} U {5 < 6}
3) Sort the element in S’ by the average channel gain G(z) in descent order Le. G(S'(1)) =
G(S'(2)) = ... 2 G(S'(IS"]))-
4) Initialize S = S’(1) and set n,. = 1.
5) While |S| < M A Prer(k.ny) < p,Vk € S
Refresh S (G{i)jz :.J_gfh-)‘j).
jES

SuS'(iv), * max

iS5 ()¢S

Ad. KR ¥
SR A T A0

Primary Secondary

Cell Radius 1 km 500 m
Number of UEs 50 50
Beamformer ZFBF Optimal
Scheduler Greedy for best CSI Proposed
Transmit Power 23 dBm 17 dBm

Noise Power

-174 dBm/Hz

Number of Antennas

1 Tx for UE, 4 Rx for BS

Channel Model

3GPP MIMO SCM

Number of Subcarrier

12 (i.e. 1 RB), BW: 15 kHz/subcarrier

02 % SRR SR T

-" -----
0.9 P
-
0.8 -
0.7
0.6+
[
e 0.5 d
o
04 _
03+ = - =
—— Primary-ordinary
0.2+ =:=-Primary-CR
== =Secondary-CR
0.1 === Primary+secondary
0 - = o 1 1 1
0 5 10 15 20 25
Spectrum efficiency
(bps/Hz/UE)

B2 k™ ¥z Apsi » o

& F &+ CDF




B2L2AFTHIN2ZIFEANRITEAT 458 At FAHRNT SRR * T RS S T g D4
NIRER OAABEIRE A A B KSR P T T R e BB R EAREE R T s ande Mg KD
LB Rt B Fa A,
=T L y
—— Primary-ordinary
===Random+ZFBF 1
Scheduling+ZFBF
. _ .. Proposed scheduling H
.""'.\. +BF
0 s 10 15 20 2 30
Spectrum efficiency
(bps/Hz)
B3 &7 s3UFBET > KA 22 1L i
Bl 3 A5 T HEFAFEy RN FEEET G TRNDERE S F B AU BER R
5 =X Ede ! %fu:}ﬁé * 18 ¥ieh zero-forcing beamforming(Random+ZFBF) &% 34 pF » fit e & k1 » T & kit

“;ﬁ\\

R R T IR B F @ik ACRE & S 6 s

FEM BB R ¥

3+ fie zero-forcing beamforming(Scheduling+ZFBF)pF » & %ﬁﬁﬁ';ﬁ e * 2F
SO BRI RN BEGAAEE R AR Y S g
3t ZFBF { it 7 seerij 'f + 3 o
Number of SUs 10 | 30 | 50
Avg. number of scheduled SUs || 3.1 | 39| 4
203 #r E USSR KR E Pe g R
KE3FTHUF N FRBFIRBNT BB FT A BB O R LR ZED
FEFLZMENTESF AL RPB Y EF LS g E S HEPENE
% o
10 . . . , ,
q- — e ) 9
8 5 N Best 5% of SUs [ ]
N "_‘——-—-_._\_\_\_____
g ! SO =
3
%4l 1
g
G
g
4t ]
&
: 31#-——___,___%__“—__-*_ .
Ty
Y T 19 2 21 2 n

Tx. power of SUs (dBm)
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UEIES S AR FARN A EEE L R

B4 s Laspr Mg RNFEELIRT IS TG AR IR R F BRSSO 0§
ﬁﬁqi&?ﬁﬁ%é*>?%&Eﬂ&%S%ﬁibE’Ui%@JQ%?ﬁﬁﬁ%?ﬂ?%&E
DL S%thT i 0 G 0 FHEC BT RS T 3SR JUREL R R Y 2§ SR
Bp ko TERY FREHET RMOBES T o

ADb. ##%
ﬂ‘k’ﬂ #* O ﬁ] \‘ T ERT et f—?@ﬁﬂfﬁ" LR m/ﬁt\i#g’e‘ b%,é%.ﬂ#kﬁi‘i)‘l. ﬁ—%ﬁ‘i“;‘aﬁ'
T Ay Jh’kt"lm"’ ;;—111}3,4 TUE T IR L e R K SR R o KRB R T RB K_@

~

KLz %fiﬁ%é Il- 2HE A KIgenig * —"“ % % t#(user diversity) & =t & k sz >4 *

&apd R rTv S IE SR L R ’i‘a%\?’k-g @ hig i F Tk sen T ia@ﬁar]'—?' 2
FAARE M ERIL R FHE T B L REFRORRBES S

B. 5w 5 PR JIF BEIF LGNGO ¢ N HHP RN

APE - Bl NBLGNRIRDAS SR BE - XM K i T 7 (downlink)
R o dodiiE] BA ISR KF o AT c FOBEFEHEL{G, ... Qp} @ E BEET GBI
L ¥ S hy, € CVEAE SpfoR ¥ Kb B apbpil i v 2 °‘M%V“%%‘F$%i
il ok A o TP Y g P (time-slotted) & At o s'Phbk ceCVb- BREELI Feho @ bp
e g 2 F’S’mﬁﬁanjﬁbf e Ak L€ ot & FhiE - R F’“g ot s R R ER L
S HERYEFVRI AN DRI B - BRSO T IR B R Y FHEE o TERB S PRI Eith
b rl%éi mgk E o v i AR SHPTIRIFEE R E o F| o @ H 'fgk C GHT R gL 1B R

yk—zhbksbl+zhbk Z sb]+Zh k25a3+”k

beB; beB; i#t, 7€, adBB; J€ZLa
:hfs,; —+ th Z Sj + Ty
J#i
Ho
H
h {hl Ko 8 hNb,kL

hy,
Sf] [8?7 55{1 : '7S]€b,7ﬁ]7 Sbi = 07 b ¢ Bi:

Ay~ CN(0,07) 5 teié ™ K eenif B 279 Je
Both s A B s R A APM A AR A S EER AR T R A o AT ACN(0,1) 0 A b
iR 7 AT LB Y ey, Iseall? < Poo AR PRI R RIERE ) B Kk e G
WELH T 4E 2 220t (SINR) &
hi'E[s;s{hy,

by (33, Elsst!]) e + o}

T EE RBEELQ 2 Elsisf]c Qi - BH B (block matrix)® ¢ % (a,b) B F H %

Ve =

ETIR

QMJéEMﬁﬁhfwwﬂAB%ﬂﬂBA%iﬁ%*ﬁké@ﬁﬂ%%J%J%ﬁmVﬁu%ﬁ

tr(Q;hihy)

Ve =

Bl A ZRBFFHBE



BP B WAL Y Bt 2T RS L @*&' # & =% 45 (transmit beamforming)fr %
B % 1 (spatial multiplexing) o @i d 2253 29 » A Sy fir @ R g k- am
RS E S SRR R S PR U Te i ﬁ‘%ﬂweﬁxti v enp 41 H — 2L & (non-convex)
22w 5 R S AR (NP-hard) sh B AE[11] » Flet 2 P ¥ R A d 2 % %(Semldeflnlte
relaxation, SDR)F 75 & 74 3% » @ & F| 5 A 4|5 F =45 f2(suboptimal) e ¥ - > & » 2 B %

1 ET R R L Quy = Blsysy] = Mamugis, o B0 - B ke 2B 2

FOUEDRAE o i D g A R @;ﬁ;f RREL o Fpt > AR K rﬂ@;ﬁ;]
BB v g e 20ap d & (degree of freedom) kK 3+ @35;]* FHcEL o
B[8]¢ » AT IR &ﬁw;] P B A A 2o BF 51 kehi o

B.2. #éi"’f##ﬁ

GriaErdh f Y o AR DRI GETY PR Y F R BEFTH S F 'ﬂﬂiﬁﬁfé"ﬁgﬁ’a"?ﬂ%%@
BT R B L DR e 50 R B S A ﬁq**#g‘\ii*%#?&’% EERF BMLRARS B
B O - bR mB AN RE SEREY 5 B A LA K W o d R E hg 2
Rz Bz 2 pke s R TUE FRY FF PR OB I S #0 epBE DT FFRF R
B AL e ot - ko HiaERR IV AT S

shhi
Ri—10g<1+min tr(Qihehy ) )

pu-1h

keA, E tr(Q hyhy 0+ o}

BF¥ AP ITARL =|AIZFFEADRY Flc- Hd Rk 5 A48 (rateless code) i 45 = i

e A ALT] BALE/I TR RBENL > A E- R K RIS FRREALTT
RoRAs i Lo B B o A ‘é’%ﬁmimlé PEFFERBE B F LR AT g
AT 2P (8] R R I E/T & rilﬂig, SRS A k0 i B BT dhe Tt A
B g 5t AR T’%Wwﬁw*&imlh*“**ﬂ#%%%**ﬂ*>@EEX*&AWm

/ﬁ ‘,‘_‘ o

Bal ] kE T im% » Xk § (the worst per-user throughput)
RET TRl

LiR;
v, = ——,
|G
Pl E I RFEEV B =
. L,R;
max  max min
(4)S, (RiQ}E, €{l.CY |Gl
tr(Q;h;hY
subject to log, | 1+ H(Qihehy ) >R, Vke A Vi)
Z];ﬁz tI‘((thk ) + Uk
Q =0 Vi, Ztr Queoi) <P, Vb
iGI},
Qupi =Onxn, V0 Vi g T,
Qa,b,’i - ONth\Ft va7 b VZ ¢ ILI m Ib (1)

ﬁ’»fi@ﬁeﬁ%‘%’ oAl B 3
B R z:cﬁz?a’f‘%w b de s BRGBEIERL ho 51 AR RE
RIAL A s A B el 3ne par 53 RS {ANC A B w2 {QC,




Kot P ZPTIo% 2 Fed § oo pFRchB iR ALY U AT S

. L;R;
max min
{R:Qi}Z, i€{l,..G} ‘g7|
: tr(Q:hihy’) .
subject to log, | 1+ >R, Yke A, Vi j
: ( > r(Qyhihil) +
Q=0 Vi, Zt‘r(Qb,b,i) <P, Vb
iEI},
Qb,b,’i — 0]\/})(]\} Vb VL g Ib
Q(] bi — 07\’%)(]\& va/ b VZ ¢ I{J, ﬂIb (2)

T - B G PORF O TAF R R FIPAPRERRCEL LT f«?ﬁ_?&gg’i}.;? IR VAR s - JPES
14)3 AP AR o B F UG E O~ P RS M ERFCRAET RS
Li tr(Qihyhy)
max min _ min ——log, | 1+ :
Q2 ie{l..G} kedi |Gl : ( Zj;éi tr(Q;hyhy’) + o}
Q;, =0 Wi, Ztr(Qb,b,i) <P Vb
1€y
Qb,b,’i = 0N,5X1'\"t Vb VZ ¢ Ib
Qa,h,i - ONtht VCL: b Vi ¢ .,Z,-a, N I{,.
Sln - B Rl kol TRLTIOY S BT R KA S

max t
{Qiriit

. tr(thk H) .o
subject to —-log, [ 1+ >t Vke A Vi, j
|g | : ( Zg;ﬁ Tr(thth) + O—k

Q=0 Vi, Y tr(Qupi) <P Wb
iEI},
Qi = Onyxne Vo Vid Ty, Qupi =On,xn, Va,b VigZ,NI,,.
BEFAPRAHEZELe 3L E AP S BAIEER S L 1 243 (semidefinite programming, SDP)
R 0 PR RER G

max i

193]
subject to  tr(Q;hyhi?) > (2 Lt — 1) (Z trQ,hyh)) + ai) Vke A, Vi

J#t
Q=0 Vi, Y tr(Qup) <P Vb

i€y
Qbpi =O0nxn, Vb Vié¢ T, Qupi=0nxn Va b Vig¢gZ, NI,
R od WERP I (R E - A2 SR EEL - BIEOZI G AL T AP F
t> EF\:B%E'E *a- Bhe T F"E’-FFB%E > Y ,Féy T

find {Qi Z'G:1

<A
subject to tr(Q;h;h) > (2 Lt — 1) (Z tr(Qhihfl) + ai) vk e A Vi, j
J#i
Q=0 Vi, > tr(Quui) <P Wb

1€y

Qb,b,i =0pn,xn, Vb Vi §§ 1y, Qa,b}i =0pn,xn, Va,b Vi §é Z,NI,.



G A PRT LR T KR i AL CVX[1T]1355 1 0R AL = A H0F Bl

St e = AR iR B R AR R deT AT
1. BB i e E AU AL, U -

Db . ,
2. Ardn i b j‘LUfm?x log,2 <1+ dLT R )1 TRL=0>H? PR kX o

3. wed mapt=LTHp g BT AR

4. %"i%ﬁi‘i?f*év’mfhfr“f‘w”ﬁﬁélzzto*” BREE A F A APAK R LU =1
£ He e~ BocaER o
REFZmimhidig A0 “"4#5 1% ’*erEM{A} R S RS Al TR 2 o

SIBREEr 23 B A{A} K 'ﬂﬁ‘gjwﬁ‘— RN PAER U A T L S A
B CEER AP OWFIPRARTENT B o 20 Foge R o APk 3 R EFRIEL S
Tqi fﬁﬁ:% ’ '_’ "~ f}
{ ) - { )
Inax max I1in _— = Inax Irax Imnax 111111 _— .
e, riaae, ell..ct |G (LS, {4 [A=Lye, {R.QaE, ie{l.GY |Gy
FRTFELA LI R B it 23 B AR ALY FATFEEe FpL AR I fp o S
F# (iterative user selection, IUS)/# & i k'8 MA4Fse R » 5 4o ¢

wy}
1=
%

b

Lo B LY, S e g a i E (LS i senetg s 8 £ (AT}
9. L{ANC L g 8L

3. ﬁ%anﬁﬁéggmwﬁy@ﬂw?ﬁ:»ﬁ%g@ﬂ&;ﬁib%a@iiwmwgg

max t

1G]
subject to tr(Q;hzhf) > <2 I

- 1) (Z tr(Q,hhi?) + a,i) vk e A™ Vi j

JFi
Q=0 Vi, Ztr(Qb,b,z’) <P Y
iEIb
Qb,b,i = ONtXNt Vb Vi ¢ Ib7 Qa,b,i = ONtht VCL, b Vi ¢ Ia mIb-
4, d w3 B A LIS A R LR L T 2 A BRSO RS LA T

%LL o

B, Tl g L} BB gt 2 3 B8 k|

S

s e (AT
6. LAFHZ3 4455 plixi
$(m) _ ¢ln=1)
Tm D <7,
w2 Be oy LjzacER] o
G CERFE 2 AN SEERVEA T RHELL T 2 50 gk “

1+~
\"‘b
e
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ML AT {QINL A 2 £ i3 g ) s S B pfrdo i B R
oo FEL K EHREEYLLAT S
a { . <L1R1 LGRG)}
I X II1111 ceey
(L}, |G (el

B RAF DGR AT AT L

_ tr(Q;hyhy’)
R, =1log | 1 + min - )
& ( kedr D0 tr(Qihyhyl) + of

BR2: 4cfEfed L (weighted sum throughput)

SR E NS SCE1
G
o= BLR;
i=1

HP B> 083wt g ey ¥ DuBi=1> COE- MRS T

max max 8;L; R;
{Ai}iGzl {R:}?:1 {Q7}1G:1 Z
subject to log [ 1+ >R, Vke A, Vi,
: g( 5 i r(QhehT) + o7 ’
Q=0 Vi, Y tr(Qupi) <P Vb
€Ty

Qbbi = Onyxn, VO Vig T
Qa,b,i = OJ\"LXA/L va‘) b VZ ¢ Ia N Ib (3)

B i 6 b B
$RAT(DF S S B S b A LRIESNAT 5 RSB AU A A p R
frobgndo ik PR AE . F o 53 B E{AN B R AP BRI QI kB e R LR -
LN SER R IR
max BiL; R;
(RIEL1QIE, Z o

: tl‘(Qihkhf)
subject to  log [ 1+
J g( > Q) + 07
Q=0 Vi, Y tr(Quui) <P Wb
€Ty
Quoi =O0n,xn, Vb Vig I,
Qa,bi = Ol\rtht Va, b Vz ¢ Ia, M Ib.
BRI Y G s F]pogE JF e R o [18]41* e ¥ 7R RE K fF D ’Z%] IS Eﬂiga t(MISO)
F R aE kA g Bl B 1 5 2 & (Pareto optimal rate-tuple) o F]ut 2 i 2 ﬂﬁg#ﬁ e RN gl

A3 AR AT
- BATRECR, & 4o fifed b & froi s $maant 6] - LR ALY Ay i 5




max R;
{Qz}?:l:{Qz}iG:th

] tr(Q;hyhf) o, Ry o
subject to log | 1+ > Vk e A, Vi,
! ° ( ZJ#L tI‘(Q hk ) + O_I. 57[/7 /
Qim0 Vi, Y tr(Qup) <D Wb
ey
Qi =On,xn, Vb VigT,
Qa,b,i — ONtXNf, Va, b Vi ¢ Ia ﬂIb
Za’i:l, aiz() VZ/ tho
Bpivgs o 3Vipde BPALRE S g S G s
B BEEF TR = (a1, a0) 0 ERAET B R
max R,
{Q:i}E R,
o, Ry
subject to  tr(Q;hzhf) > (2m — 1) <tr (Z thkth> + ag) Ve A Yi,j
J#i
Q=0 Vi, > t(Quui) <P Vb R >0

i€,
Qibi =0n,xn, VO VidT,
Qa,b,i - 0)7\7,5 X]\’vt va’, b \V/'l ¢ Ia ﬁ Ib
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