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This thesis is on the design of radio-frequency (RF) integrated front-end circuits
for next generation 5G communication systems. The demand for higher data rates
and lower latency in 5G networks can only be met using several new technologies
including, but not limited to, mm-waves, massive-MIMO, and full-duplex. Use of
mm-waves provides more bandwidth that is necessary for high data rates at the cost
of increased attenuation in air. Massive-MIMO arrays are required to compensate for
this increased path loss by providing beam steering and array gain. Furthermore, full
duplex operation is desirable for improved spectrum efficiency and reduced latency.
The difficulty of full duplex operation is the self-interference (SI) between transmit
(TX) and receive (RX) paths. Conventional methods to suppress this interference
utilize either bulky circulators, isolators, couplers or two separate antennas. These
methods are not suitable for fully-integrated full-duplex massive-MIMO arrays.

This thesis presents circuit and system level solutions to the issues summarized
above, in the form of SiGe integrated circuits for 5G applications at 26 GHz.

First, a full-duplex RF front-end architecture is proposed that is scalable to
massive-MIMO arrays. It is based on blind, RF self-interference cancellation that is
applicable to single/shared antenna front-ends. A high resolution RF vector modula-
tor is developed, which is the key building block that empowers the full-duplex front-
end architecture by achieving better than state-of-the-art 10-b monotonic phase con-
trol. This vector modulator is combined with linear-in-dB variable gain amplifiers
and attenuators to realize a precision self-interference cancellation circuitry. Fur-
ther, adaptive control of this SI canceler is made possible by including an on-chip
low-power 1QQ downconverter. It correlates copies of transmitted and received sig-
nals and provides baseband/dc outputs that can be used to adaptively control the
SI canceler. The solution comes at the cost of minimal additional circuitry, yet
significantly eases linearity requirements of critical receiver blocks at RF /IF such as
mixers and ADCs.

Second, to complement the proposed full-duplex front-end architecture and to
provide a more complete solution, high-performance beamformer I1Cs with 5-/6-
b phase and 3-/4-b amplitude control capabilities are designed. Single-channel,
separate transmitter and receiver beamformers are implemented targeting massive-
MIMO mode of operation, and their four-channel versions are developed for phased-
array communication systems. Better than state-of-the-art noise performance is
obtained in the RX beamformer channel, with a full-channel noise figure of 3.3 dB.
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26 GHz 5G Uygulamalar: i¢cin 130-nm SiGe Teknolojisiyle

Doért-Kanalll Faz-Dizili Hiizmeleyici ve Ozgirisim Kaldiran Tam
Dubleks Alic1/Verici Geligtirilmesi

Ilker Kalyoncu
EE, Doktora Tezi, 2013
Tez Damgmani: Prof. Dr. Yagsar GURBUZ

Anahtar Kelimeler: 5G, hiizmeleme, faz dizi anten, tam dubleks, 6zgirisim, SiGe.
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Bu tez, yeni nesil 5G iletigim sistemleri igin radyo frekansi (RF) entegre 6n ug
devrelerinin tasarimi iizerinedir. 5G sgebekelerinde yiiksek veri oranlar1 ve diigiik
gecikme siireleri ancak milimetrik dalgalar, masif-MIMO ve tam dubleks vb. gibi
bir ka¢ yeni teknolojinin beraber kullanilmasi ile kargilanabilir. Milimetrik dal-
galarin kullanilmasi, havadaki zayiflama kayiplarini artirsa da, yiiksek veri hizlari
icin gerekli olan daha fazla bant genigligini saglar. Artan yol kayiplarim telafi et-
mek ic¢in masif-MIMO dizileri, hiizme sekillendirmek ve dizi kazanci saglamak icin
kullanilir. Ayrica, yiiksek spekturum verimliligi ve diigiik gecikme siiresi igin tam
dubleks sistemler istenmektedir. Tam dubleks sistemlerin giicligi ise iletim (TX)
ve alicr (RX) arasindaki 6z girisimdir (SI). Sirktlatorler, izolatorler, kuplorler veya
iki ayr1 anten kullanimi bu etkilesimi bastirmak i¢in kullanilan geleneksel yontem-
lerdir. Ancak bu yontemler tam-entegre tam dubleks masif-MIMO dizileri i¢in uygun
degillerdir.

Bu tez, 26GHz’de 5G uygulamalar i¢in yukarida o6zetlenen sorunlar hakkinda
SiGe teknolojisiyle devre ve sistem diizeyinde ¢oztimler sunmaktadir.

Ik olarak, masif-MIMO dizileri icin 6lceklenebilir bir tam-dubleks RF 6n ug
mimarisi Onerilmigtir. Tekli/paylasimh anten sistemleri 6zelinde, digsaridan girdi
almaksizin RF 0Ozgirisim baskilamak tizerinedir. Bu amacla, tam dubleks 6n ug
mimarisini gergeklemede kritik rolii olan yiiksek ¢oztinturliikli bir RF vektor mod-
ilatori geligtirilmistir. Bu modulator literatiidden daha iyi olarak, 10-bit monotonik
faz kontrolii saglamaigtir. Bu vektor modiilatort, hassas bir 6z girisim engelleme de-
vresi gergeklegtirmek icin dB-lineer degisken kazanch yiikseltecler ve zayiflaticilarla
birlestirilmigtir. Dahasi, 6zgirisim baskilayicinin uyarlanabilir kontrolii i¢in, bir kir-
mik tisti disiik glicli 1Q asagr doniigtiiriiciisii entegre devreye dahil edilmistir. Bu
yapi, iletilen ve alinan sinyallerin kopyalarini korele eder ve uyarlamali kontrol i¢in
kullanilabilecek temel bant/dc ¢ikiglar saglar. Coztim, asgari ek devre maliyetine
sahip olmakla birlikte, karigtiricilar ve ADC’ler gibi RF /IF’deki kritik alici bloklarm
dogrusallik gereksinimlerini énemli Ol¢iide kolaylagtirmaktadir.

Ikinci olarak, énerilen tam-dubleks 6n u¢ mimarisini tamamlamak ve daha eksik-
siz bir ¢oziim saglamak i¢in, 5-/6-b faz ve 3-/4-b genlik kontrol yetenekleri olan yiik-
sek performansh hiizme sekillendirici entegre devreleri tasarlanmigtir. Tek kanalli
alict ve verici devreleri masif-MIMO uygulamalar i¢in, dort kanalli alic1 ve verici
devreleri ise faz dizinli hiizme gekillendirme uygulamalari i¢in gelistirilmistir. Tekli
alic1 kanalinda, literatiirdeki tiim o6rneklerden daha iyi olarak, 3.3 dB’lik giirtiltii
seviyesi elde edilmigtir.
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mH iQ QM i?2 .* *m "2Mi M/ : BMfS?2Xb® X Re X9ORXX X

9XR _2bBbiQ +QKTQM2Mi @MHuT2b W QM@ X@WX X8N X X
9Xk *QKT 'BbQMQ7ai i2@Q7@h?2@ iaBHB+QM@" b2/ S?
*2 MM2Hb i keX:xXxX X X X X X X X X X X X X ¥8X X X X

tBp



GBbi Q7 ## 2pB iBQMb

6

J

hh
"SaE

*xn

A>S
AAS
AG
AJd.
AMS
BLJPa
ASR/"
GL
GP
GS
Ghl
JAJ
JAJP
JIJA*
KK@q p2
JPa
L6
PAS

P Sg/-

S1
Sa
Z J

Tv6e +iQ”
KTHBim/2 JQ/mH iBQM
ii2Mm 1iQ°
"BM v S? b2 a?B7i E2vBM;
*QKKQM@" b2
*QKKQM@ 1KBii2®
*mbiQK Pz@h?2@a?2H7
*Q@SH M " g p2;mB/2rBi? HQr2 : " QmM/ TH M2
.B;Bi H"2 K6Q KBM,;
1H2+i' B+ H" H M+2 mTH2t2"
1[mBp H2Mi AbQi QTB+ HHv _ /B i2/ SQr2°
6mHH mTH2t
6°'2[m2M+v .BpBbBQM .mTH2t
6°'2[m2M+v JQ/mH iBQM
J tBKmK Pb+BHH iBQM 6 2[m2M+v
6B;m2@Q7@J2 Bi
J tBKmK h™ MbBi 6 2[m2M+v
HHBmK@ "b2MB/2
> H7@.mTH2t
>B;? S bb
AM@" M/ 6mHH@ . mTH2t
AMi2; 12/ *B +mBi
AMi2 K2/B i26°2[m2M+v
AMMQp iIBQMb 7Q >B;?7@S2 7Q K M+2 JB+ Q2Hz
AMTmi@_ 272 "2/ h?B ' /@P /2" AMi2 +2Ti SQBMi
AMb2 iBQM GQbb
AMi2 " KQ/mH iBQM .BbiQ iBQM
AM/BmK T?QbT?B/2
AbQH i2/ LJPa
AMTmMIi R@/" *QKT 2bbBQM SQBMi
GQrLQBb2 KTHB}2"
GQ+ HPb+BHH iQ"
GQr S bb
GQM;@h2 K 1pQHmMiBQM
J2i H@AMbmH iQ @J2i H
JMHIBTH2@AMTmi IJmHIBTH2@PmMiTmi
JOMQHBI?B+ JB+ Qr p2 AMi2; i2/ *B +mBib
JBHHBK2i2  @r p2
J2i H@PtB/2@a2KB+QM/m+iQ"
LQBb2 6B;m 2
PmiTmi@_ 272 "2/ h?B /@P /2" AMi2 +2Ti SQBMi
PmiTmi R@/" *QKT 2bbBQM SQBMi
SQr2° KTHB}2"®
SQr2 @ //12/@1{+B2M+v
S? b2 a?B7i2°
Zm /> im 2 KTHBIim/2JQ/mH iBQM

tp



_/BQ .2i2+iBM; M/ _ M;BM;

_ 6 _/IBQ 6 2[m2M+v

_Ja _QQiJ2 Ma[m "2

_hSa _2~2+iBQM hvT2 S? b2 a?B7i2°
S _2+2Bp2°

aq am'7 +2 +QmbiB+ q p2

aA a2H7@AMI2 72 2M+2

aB:2 aBHB+QM@:2 K MBmK

aL_ aB;M H@iQ@LQBb2 _ iBQ
aS.h aBM;H2@SQH2 . Qm#H2@h? Qr
hf_ h> MbKBif_2+2Bp2

h.. hBK2 .BpBbBQM .mTH2t

hs h> MbKBii2"®

0: o B #H2 : BM KTHB}2"°



*?2 Ti2 R
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RXR "'B27 >BbiQ'v Q7 JQ#BH2 gqB 2H2bk
*QKKmMB+ iBQMb

h?2 +QM+2Ti Q7 +2HHmMH ~ +QKKmMB+ iBQMb Bb # b2/ QM
# b2 bi iBQMb- 2 +? b2 ' pBM; i?72 2M/ mb2 b rBi?BM bT2+B}2
KQ#BH2 i2°KBM H-i?2 # b2 bi iBQM T 'QpB/2b ++2bb iQ i?2 +
/2THQvV2/ pB }#2 QTiB+ + #H2b Q"  TQBMi@iQ@TQBMi HBMFb
KQ#BH2 +QKKmMB+ iBQMb #v bB;MB}+ MiHv HQr2 BM; i?2 +Q
7°2[m2M+v "2bQm +2b bBKmHi M2QmbHv BM /Bz2 2Mi # b2 bi

ai "iBM; 7°QK RN3y- M2r;2M2° iBOM Q7 KQ#BH2 +QKKmMB
/I2THQV2/7Q° HKQbi 2BX \hWRZ yDip2M2° iBQM UR:V bvbi2Kb mt
KQ/mH iBQM i2+?MB[m2b- +B " +mBi brBi+?BM;- M/ 7°2[m2M+
U6.J VX h?2BM+ 2 bBM; /12K M/ 7Q  KQ 2+ T +BivT2 +2HHH
k: U:aJV i2+?MQHQ;B2bi? i "2HB2/ QM /B;Bi H+QKKmMB+ iBCQ
KmHIBTH2@ ++2bb Uh.J VrBi? 7 2[m2M+v@/BpBbBQM /mTH?2
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T i2b rBi? Qi?Q;QM H 7°2[m2M+v /IBpBbBQM KmHIBTH2 ++2b
+Q 2 M2irQ'FX AiBb 7 b+BM iBM; iQ b22 i? i iQ/ vob Ghl@ /¢
+?B2p2a? MQM+ T +Biv ii?2HBMFH2p2HX u2i-i?22 "2 TE
7Q°8: br2 TT Q +? kykyX

RXk qg? i Bb 8:\

h?2°2Bb ;"QrBM; /2K M/ Q7 KQ#BH2 mb2 b 7Q BKT Qp2/#"
iQ 2M #H2 i2+?MQHQ;B2b bm+? b mHi® >. pB/2Q bi'2 KBM; N
"2 HbQ mT+QKBM; TTHB+ iBQM "2 bbm+? b BMi2"M2i@Q7
K +?BM2 +QKKmMB+ iBQMb-r2 ~ #H2 +QMbmK2 2H2+i QMB+
iIQMQKQmb + "bf/"QM2b M/ "2KQi2 K2/B+ Hb2 pB+2bX h?2b2
iBQMb iQ "2 HBx2 rBi? +m "2Mi rB"2H2bb +QKKmMB+ iBQM i2
/2K M/b- M2ti ;2M2" iBQM U8:V KQ#BH2 +QKKmMB+ iBQM bvb
“i2b M/ 4+ T +Biv- HQr2  H i2M+v- #2ii2° HBMF "Q#mbiM2bb M

AMi2 M iBQM H h2H2+QKKmMB+ iBQM IMBQM UAhIV ? b b2i
iQ Mbr2 i?2b2 /2K M/b- bPOXREM BM 6B;X2b mT iQ Ry :#fb rBi?
KBMBKmK +2HH 2/;2 /i "~ i2 Q7 Ryy J#fb- +HQb2 iQ Ry #Bibfbf
KQ#BHBiv mT iQ 8yy FKf?- +Qbi 2{+B2M+v i H2 bi Ryt #2ii2" i
bBKmHi M2Qmb +QMR/M2M i BIQIMM T2 HRK b OPXM R ' KBNiHv-i?2 2 B
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6B;m 2 RXtR2+i2/8: T2 7Q K M+2 "29mXB 2K2Mib (

MQi +QMb2Mbmb QM r? i 8: rBHH HQQF HBF2 iQ /2HBpP2  bm+:
Ahl TH Mb 7Q " 8: bi M/ '/IBx iBQM iQ i F2 TH +2 rBi?BM AJh@
>Qr2p2 -i?2 M2+2bbBiv7Q  M2ri2+?MQHQ;B2b bm+? b KK@r
JAJP- #2 K7Q KBM; M/ 7mHH /mTH2t "29rBX2Hv ; 22/ mTQM (

>B;?2 /i " i2b+ M#2 +?BR@2/ ptfB@ jyy :>xVi? iQz2 b KQ".
# M/rB/i?X >Qr2p2 - KK@r p2bbmz2 7 QK BM+'2 b2/ T QT ; i
/IBIBQM- KK@r p2 T°QT ; iBQM Bb ?B;?Hv z2+i2/ #v  BM- #H
h?2°27Q 2- KK@r p2b M2+2blbBiHR M2 0Z "2 KBMB im Bx
# b2 bi iIBQMbi? irBHH #2 /2Mb2HV /2THQV2/i?2 " Qm;?2Qmi i?2 A
TQr2  H2p2Hb +QKT "2/ iQ bi M/ "/ # b2 bi iBQMbX hQ BM+ 2 b
i?2b2 bK HH +2HHIKrBHBPp2KRHKEWHIBTH2@BMTmi KmHIBTH2 @ |
im 2b-BX2X ?mM/°2/b Q7 Mi2MM bBM M " vX h?Bb 2M #H2b
KQ'2mb2'b ii?2b K2iBK2X AM //BiBQM- i?Z2B2K7QVKBM\ #2 1
reB+? HbQ +QKT2Mb i2b 7Q" i?2 BM+"2 b2/ T i? HQbb Q7 KK
v ; BM7 +iQ  iQr /b bT2+B}+ mb2 X 6BM HHv- iQ 7Tm’i?2
2{+B2M+v M/ 2/m+2i?2 MZimH'IHF @&/ A B\MHRDT 2" iBQM Bb 2tT2+i2
T '1iQ78: M2irQ ' Fb-i? i Bb bBKmHi M2Qmb ~ /BQ i° MbKBbbBC

6mHH /mTH2t QT2 iBQM “2[mB 2b p2'v ?B;? BbQH iBQM #?2
"2+2Bp2U_sVTQ ibX A7hs M/ _smb2bi?2b K2 Mi2MM - BbQ!
mbBM; 2Bi?2° +B +mH iQ -?2v# B/ Q /B 2+iBQM H+QmTH2".



+ Mmb2irQ b2T " i2 Mi2MM bX h?2 7Q K2  K2i?Q/b 2/m+2 h
/2;° /2b _s MQBb2 };m 2-r?2"2 b i?2 H ii2° KRQ?Q/ M{2WHMK 2b
"2 X 6mi?2 KQ '2- B7 irQ b2T " i2 Mi2MM b "2 mb2/ 7Q" hs
TQbbB#H2 iQ +QMbi m+i bBM;H2 "~ vX AMi? i+ b2-irQ b2T
70 hs M/ QM2 7Q" _s Bb "2[mB 2/X
AiBb 2tT2+i2/i? i8:i2+?MQHQ;vVIBHH MIiBHBX2 bm#@e :>X 1
# M/b i kefk3 NPX Ai ? b#22M ";m2/i? i K bbBp2@JAJP bvbi2K
/IB;Bi H M/ /Bbi B#mi2/ "~ v "+?Bi2+im 2b rBHH /QKBM i2 8:
>x # M/bX >Qr2p2'- i KK@r p2 7°2[m2M+B2b ?v# B/ #2 K7Q"
2T QTQb2/X b KK@r p2 Mi2MM b "2 BM?2 2MiHv bK HH- b
V+ M#2 +QK#BM2/iQ 7Q°K M HQ; bm# > vbiQ #2 mb2/ 7Q
h?2 27Q 2- bK HH +2HH # b2 bi iBQMb rBi? KK@r p2 K bbE
“Vi® Mb+2Bp2'b "2 T QKBbOBM; + M/B/ i2b7Q" 8: M2irQ Fb
b K2 Mi2MM 7Q" #Qi? hs M/ _s Bb +m "2MiHv MQi 72 bB#H2 1
#HQ+Fb K2MiBQM2/ #Qp2X aQ-+m "2MiHvV 7mHH /mTH2t QT 2"
KK@r p2 #2 K7Q KBM; bvbi2KbX

RXj] h?2bBb Pp2 pB2r

h?Bb i?2bBb Bb QM i?2/2bB;M Q7 /IBQ@7 2[m2M+v U_6V B!
7Q° M2ti ;2M2° iBQM 8: +QKKmMB+ iBQM bvbi2KbX h?2 /2K M/
M/ HQr2 H i2M+v BM 8: M2irQ Fb + M QMHvV #2 K2i mbBM; b2
BM+HmM/BM;- #mi MQi HBKBi2/ iQ- KK@r p2b- K bbBp2@JAJP-
KK@r p2b T QpB/2bKQ 2 # M/rB/i?i? iBbM2+2bb 'v7Q ?B;?
Q7BM+°'2 b2/ ii2Mm iBQMBM B X J bbBp2@JAJP "~ vb "2 2]
i?BbBM+"2 b2/ T i? HQbb #v T°QpB/BM; #2 Kbi22'BM; M/ " v
ImTH2t QT2 iBQMBb /2bB #H2 7Q BKT Qp2/ bT2+i mK 2{+B.:
h?2 /IB{+mHiv Q7 7mHH /mTH2t QT2 iBQM Bb i?2 b2H7@BMi2"
UhsV M/ 2+2Bp2 U_sV T i?bX *QMp2MiBQM H K2i?Q/biQ bm"
MmiBHBx2 2Bi?2  #mHFv +B +mH iQ b- BbQH iQ b- +QmTH2 b C
K2i?Q/b "2 MQi bmBi #H2 7Q 7TmHHv@BMi2; i2/ TmHH@/mTFE
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h?Bb i?2bBb T 2b2Mib +B +mBi M/ bvbi2K H2p2H bQHmMiBQ
#Qp2- BM i?2 7Q K Q7 aB:2 BMi2; i2/ +B +mBib 7Q  8: TTHB-

6B bi- 7mHH@/mTH2t 6 7°QMi@2M/ “+?Bi2+im 2 Bb T°Q
K bbBp2@JAJP " vbX AiBb # b2/ QM #HBM/- _6 b2H7@BMi2 7
TTHB+ #H2 iQ bBM;H2fb? 2/ Mi2MM 7 QMi@2M/bX ?B;? 2t
iQ Bb/2p2HQT2/-r?B+? Bbi?2 F2v #mBH/BM; #HQ+F i? i 2KTQ
2M/ “+?Bi2+im 2 #v +?B2pBM; #2ii2 i? Mbi i2@Q7@i?2@ iF
i"QHX h?Bb p2+iQ  KQ/mH iQ  Bb +QK#BM2/ rBi? HBM2 "@BM
M/ ii2Mm iQ b iQ "2 HBx2 T '2+BbBQM b2H7@BMi2 72 2M+
i?72°- / TiBp2 +QMi'QH Q7 i?Bb aA + M+2H2 Bb K /2 TQbbB#H
HQr@TQr2 AZ /QrM+QMp2i2 X Ai +Q "2H i2b +QTB2b Q7 i’ \
M Hb M/ T QpB/2b # b2# M/f/+ QmiTmib i? i + M #2 mb2/iQ /
aA + M+2H2'X h?2 bQHmMIBQM +QK2b ii?2 +Qbi Q7 KBMBK ¢
bB;MB}+ MiHv 2 b2b HBM2 "Biv "2[mB 2K2Mib Q7 + BiB+ H "2+
KBt2'b M/ .*bX

a2+QM/- iQ +QKTH2K2Mi i?2 T'QTQb2/ 7TmHH@/mTH2t 7°QMN
T'QpB/2 KQ'2 +QKTH2i2 bQHMIBQM- ?B;?2@T2 7Q K M+2 #:
# T? b2 M/ j@f9@# KTHBim/2 +QMi"QH + T #BHBiB2b "2 /2
b2T " i2i° MbKBii2' M/ 2+2Bp2 #2 K7Q K2'b 2 BKTH2K2Mi
JAJPKQ/2 Q7 QT2 iBQM- M/i?2B 7Qm @+? MM2H p2 bBQMtL
v +QKKmMB+ iBQM bvbi2KbX "2ii2° i? M bi i2@Q7@i?2@
Q#i BM2/ BM i?2 s #2 K7Q K2  +? MM2H-rBi? 7mHH@+? MM

RX9 h?2bBb P ; MBx iBQM

h?2 M2ti +? Ti2 T ' QpB/2b i?2 7TmM/ K2Mi Hb Q7 } " bi T? b2/
i?22M TMHH@/mMTH2t +QKKmMB+ iBQMbX h?2 +? Ti2  7QHHQT
bi i2@Q7@i?2@ i BM #Qi? }2H/bX

*?2 Ti2  j +Qp2' b i?72 M HvbBb- /2bB;M- M/ K2 bm 2K2Mib
i Mb+2Bp2 i? i 2KTHQvb M QM@+?BT ++m  i2 aA + M+2H2

HQr@TQr2" AZ /QrM+QMp27i2° 7Q° KQMBIQ'BM; M/ b2H7@ /
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+? Ti2 bi "ibrBi? i?2 bvbi2K H2p2H M HvbBb Q7 i?2 F2v /2bB
THBim/2fT? b2 +QMi"QH "2bQHmMIBQM M/ _s HBM2 "Biv- +QMi
i?72 "2 HBx2/ AfZ p2+iQ  KQ/mH iQ' +?B2pBM; KQMQiQMB+ R
Bib BKTH2K2Mi iBQM /2i BHb- M/ +QM+Hm/2b #v T QpB/BM; i
#mMBH/BM; #HQ+Fb M/ i?2 QT2 iBOM Q7 i?2 Qp2" HH 7TmHH@/

*2 Ti2 9 +QMi BMbi?2rQ 'F "2H i2/iQ #2 K7Q KBM; A*b 7Q"
T? b2/@ "~ v TTHB+ iBQMbX h?2 +? Ti2 #2;BMb rBi? i?2 BKT
i?72 bBM;H2 s +? MM2H M/ Bib bm#@#HQ+Fb- T 2b2MiBM; i?
‘B2b Q7 i?2 KTHBim/2fT? b2 +QMi'QH #HQ+FbX h?2 +? Ti2
K2 bm 2K2Mi "2bmHib "2; "/BM; i?2 _s M/ hs +? MM2HbX 6BM
+Hm/2b #v T 2b2MiBM; i?2 /2p2HQTK2Mi Q7 7Qm @2H2K2Mi
A*b-i?2 "2[mB 2/ KQ/B}+ iBQMb T2 ' 7Q K2/ 7Q 2 +? bm##HQ +|
+QMbB/2  iBQMb- M/ KQbi 2+2Mi bBKmH iBQM "2bmHibX

6BM HHv-*? Ti2° 8 bmKK "'Bx2bi?2K BM}M/BM;b M/ +QMi E
i iBQM br2HH i?2BKT +iQ7i?2 2bmHib- T ' QpB/2b HBbiQ7 7
i?72 HBKBi iBQMb Q7 i?2 T'QTQb2/ B/2 b M/ Qz2'b TQbbB#H?2
‘2bib TQbbB#H2r v Q7 +QK#BMBM; i?2 TmMHH@/mTH2t M/ #:2
BMi?Bb /Bbb2"i iBQMX



*? Ti2® k
" +F; QmM/

kXR S? b2/ "~ vb

kXRXR PT2 iBM; ST BM+BTH2b

bBM;H2 Mi2MM 2H2K2Mi 2t?B#Bib “2H iBp2Hv HQr /B 2+
/B iBQM Bb BM HH /B 2+iBQMb UQKMB/B 2+iBQM HV- BX2X
A7 MmK#2 Q7 Mi2MM b "2 /2THQV2/ BM M " v 7Q K iBQNMN
#2+QK2b Km+? KQ 2 /B 2+iBp2- BX2X i?2 K BM #2 K ;2ib M
Q7 2 +? * /B iBM; 2H2K2Mi Bb +QMi ' QHH2/ T'QT2 Hv UBX2X |
#2ir22M 2 +? /D +2Mi 2H2K2MibV- i?Bb K BM #2 K + M #2 biz
MQ 'K H /B 2+iBQMX AM //BiBQM-B7 i?2 KTHBim/2 Q7 2 +?°
T QT2 Hv UBX2X #v TTHVBM; r2B;?iBM; rBM/QrV-i?2 TQDbBI
r2HH b #2 K MMHH TQbBiBQMb + M #2 +QMi QHH2/X

6B ;KXIR?Qrb bvbi2K H2p2H T? b2RyX vbRmERG22{2Bb T? b
b?B7i2° BM 2 +? +? MM2H- T'QpB/BM2irT2Mo 2D F2MP#? MM2+
A7 i?Bb T? b2i T2 Bb=2C@¥2Mi?2 K BM #2 K /B 2+iBQM Q7 i?2
Bb bi22Y2/;°22b rv 7°QK i?2 Mi2MM MQ 'K HX h? i Bb #2+ m
+QKBM; 7°QK i?Bb M:H2 "2 +QK#BM2/ +QMbi m+iBp2Hv- r?B}
Qi?2 /B 2+iBQMb 2 +QK#BM2/ /2@+QMbi m+iBp2HvX h?2 b
i?72 > vBbmb2/ b i° MbKBii2 i?2 i? M "2+2Bp2 X h?2 21
T2 7Q Kb bT iB H}HiI2'BM; M/ +QK#BMBM; BM "2+2Bp2 M/ i |



6B;m 2 kXR? b2/ v 2+2Bp22HRIK2 RYKX (

h?2 #Qp2 K2MiBQM2/ T? b2/ "~ vQT2 iBQM? b #22M r2HH
bBM+2 RN9y@8yb- 2bT2+B HHv BM i? 2RI kK QR KBHBNi'v2 "b-
rBi? i?72 /p M+2K2Mib BM BMi2;" i2/ +B +mBii2+?MQHQ;B2b |
iQ TT2 BM+QKK2 +B H TTHB+ iBQMb br2HH-bm+? brB 2]
MB+ iBQMb M/ miQMQKQmb p2?B+H2bX AM +QKKmMB+ iBQI
Q7 mb2 b Bb Km+? bK HH2  i? Mi?2 MmK#2> Q7 Mi2MM 2H2K:
K bbBp2 JANR AM i?2b2 bvbi2Kb- /Bz2 ' 2Mi #2 Kb "2 ;2M2" i2,
bBKmHi M2QmbHVX .m2 iQ i?2 H “;2 MmK#2' Q7 Mi2MM b- i?
Qi?7Q;QM HIiQ 2 +? Qi?2 -BX2X HH mb2'b+ M#2 b2 p2/ mbB]
2bQm +2X

kKXRXk S? b2/ "~ v "+?Bi2+im 2b

AMbi2 / Q7 i?2 +QMbi Mi T? b2 i TRXR?ROM2BMBEBHB+ 2/
+QMi'QH + M #2 TTHB2/ b r2HHX h?Bb T°Q+2bb Q7 :2M2" iE
Bb + HH2/ #2 K7Q KBM:X "2 K7Q KBM; + M i F2 TH +2 2Bi?2
/QK BMbX M HQ; #2 K7 @X&BWMBHW ®FjXM BKTH2K2Mi2/ mbBM;
b?B7i2 ' bX JQbi Q7 i?2 iBK2 i?2b2 2 /B;:Bi HHv +QMi QHH2/
9@e #Bi T? b2 "2bQHMIBQMX h?2B T2 7Q K M+2 Bb HBKBi2/
K F2b Bi /B{+mHi iQ }M2 imM2 i?2 #2 K b? T2X PM i?2 Qi?2" ?



6B:m 2 kX&z2 2Mi #2 K7Q KBM: “+?Bi2+im 2b, UV M HQ:- U#V /
2v#° BN X

b?B7i2°b "2[mB 2 ?B;?@ 2bQHmMiBQM . *b- ?22M+2 /B;Bi HHv +
biBHH T 272 "2/X
AM M HQ; #2 K7Q KBM;- bB:M Hb +QKBM; 7°'QK /Bz2 2Mi
T'BQ iQ MHQ;@iQ@/B;Bi H +QMp2'bBQMX aQ- i?2 /2bB" 2/
? M+2/ M/ mM/2bB 2/ BMi2 72 2 b "2bmTT 2bb2/ #27Q 2 i?2
#2 K7Q KBMkM&BVXbB;M Hb +QKBM; 7' QK 2 +? Mi2MM Bb }°
bB;M H+QK#BMBM; i F2b TH +2 BM i?2 /B;Bi H/QK BMX h?BEL
"2[mB 2K2Mib 7Q° .*bX 6m i?2 KQ 2-/B;Bi H#2 K7Q KBM; + I
mb2 b- QMHvV HBKBi2/ #v i?2 MmK#2 Q7 Mi2MM b BM i?2 "\
M HQ; #2 K7Q KBM; Bb mb2/- b2T " i2 M HQ; #2 K7Q K2  Bb
TQTmH ° TT'Q +?2 7Q° 8: Bb i?2 bQ@+ HH2/ k&kBI@#2 K
r?B+? Bb i’ /2@Qz #2ir22M M HQ; M/ R)BAM #2BK7DTRKQ b -
H ;2 " WQMi2MM b "2 /"Bp2BbHBM+i M HQ;f 6 #2 K7Q K
i?7 i "2+QMi"QHH2/ #v /B;Bi H #2 KNQMKX# D nQITQRbBMX b HC
bNa>Ngr >Ny Bb b iBb}2/-i?Bb bvbi2K +ib b KmHiB@mb2"  JA.
S? b2/ " vb 2 2bT2+B HHv mb27mH i KK@r p2 7 2[m2M+
2p2M B7 i?2 iKQbT?2 B+ ii2Mm iBQM BM+'2 b2b i KK@r p2 7
bBx2b ;2i bK HH2 X aQ- 7Q i?2 b K2 T2 im 2 bBx2- QM2 + |
Q#i BMBM; Km+? H ;2" Mi2MM /B 2+iBpBiv M/ ; BM +QKT °



6B;m 2 kXBz2 2Mi T? b2 b?B7iBM; K2i?Q/b, UV _6- U#V A6- U+V
/IB;Bi HX

h?2 #BHBiviQ bi22  i?2 #2 K M/i?2 #BHBiviQ '2D2+i BMi2"7
20?2 /121 #2M2}ibX

J MVIQ Fb + M #2 7QmM/ BM i?2 HBi2  im 2 QM aBHB+QM@
2° iBM; i ey :>x M/ #2vQM/- 7Q " p "BQmb TTHB+ iBQMb bm
b?Q i ° M;2 +QKKmMMBREIBAMDKQIBpRY-/ M KK@r p2 # +F@
? MRREX q 72 @b+ H2 T? b2/@ > vb ? p2 #22M /2KQMbi  i2/ BN
k8e 2H2K2Mib mbBM; "~ 2RBX FE2@2B i+?2BM:Mb+2Bp2 b rBi? TQH
/Bp2 bBY M/ +QM+m "2Mi /m HKyRR ? B2 #RQ@M (2p2HQT2/X

kXRXj S? b2 a?B7iBM; J2i?Q/Db

AMT? b2/ > v “+?Bi2+im 2b-i?2T? b2 b?B7i+ M #2 Q#i BN\
r?B+?2 + M #2 ;°QmT2/ BMiQ 7Qm" K DQ" + i2;Q ' B2b, _6 T? b
b?B7iBM;- A6 T? b2 b?B7iBM; M/ /B;Bi HT? b2 bRB{ZiBM;- b +

6 T? b2 b?B7iBM;: Bbi?2 KQbi TQTmH ~ M/ bm++2b7mH QTi
bB#BHBiB2b 7Q  b2p2  H "2 bQMbX 6B bi- Bi 2KTHQvb bBM;t
GP /Bbi'B#miBQM M2irQ FbX a2+QM/- BM _6 T? b2 b?B7iBM:-
iBp2 BMi2 72 °2M+2 Q7 bB;M Hb +QKBM; 7"  QK2BR@2 RB{i2M{2MM
h?Bbr vi?2 KBt2 HBM2 "Biv "2[mB 2K2Mi Bb "2H t2/ BKK2Mb:
rBHH #2 bm#D2+iiQ bT iB H "2D2+iBQM Q7 i?2 6 #2 K7Q K2

Ry



kXRX9 1tBbiBM:; GBi2 im 2 BM kefk3 :>x AMi2; i2
" vh Mb+2Bp2 b 7Q 8:

bB;MB}+ Mi KQmMiQ7 2b2 "+?? b#22M +QM/m+i2/ QM 8: K
7Q i?2 kefk3 :>x # M/b- #Qi? #v + /2KB M/ BM/mbi vX 6Q
/| F kkk9 T 2b2Mi2/ MmK#2 Q7 #B/B 2+iBQM H T? b2/@ " v
*JPa aPA- +?B2pBM; b HQr b jXd /" L6 M/ bmTTQ iBM; mT i
J" m/ KQ/mH iBQM # M/rB/i?b- mbBM; brBi+?2/@G*T? b2 b?B7
b?B7iBM; iQTQHQ;vr b Hhi@m2BHBR2/ BMKH@TQH 'Bx iBQM T
i Mb+2Bp2  rBi? k9@+? MM2Hb BM #mHR@2 JPBXx2M/BHDQ B |
P2 'bBQM T? b2/ > vi Mb+2Bp2°X

AZ p2+iQ  KQ/mH iQ  # b2/ T? b2 b?B7i2 kdjiR2BMIIQHE2P b r:
b+ H #H2 jk@ M/ e9@2H2K2MiT? b2/@ " vi Mb+2Bp2'b "2 °:
+QKKmMMB+ iBQM HBMFb r2 2 /2KQMbi® i2/ ijyy K2i2 bX IbBM;
k9 :#Th e9@Z K XAJP HBMF 2?2 b #22M “2+2jRiXv "2TQ i2/ (

Hi2°'M iBp2 _6 T? b2 b?B7iBM; K2i?Q/b r2°2 HbQ BMp2biB

imM #H2 i M KBbbBQM HBMR i@ BKBEHBK2MBMjk@2H2K2Mi
T? b2/@ > vrBi? /m H@TQH "Bx iBQM M/ Q'i?Q;QM H T? b2
HQr TQr2  T? b2/ “° v 2+2Bp2  7°'QMi@2M/b ? p2 #32PM "2TQ" i

Hi?Qm:;? MQi b +QKKQM b 6 T? b2 b?B7iBM;- GP T? b2 b
#2 K7Q KBM; i2+?MB[m2b + M HbQ #2 b22M BM i?2jB)Bi2" im".
T 2b2Mi2/ k3 :>x*JPaT? b2/@ > vi>  Mb+2Bp2 72 im BM; ; B
QM GP T? b2 b?B7iBM; “+?Bi2+im 2 rBi? yXR@/2; 22 #2 K@b
M2r > /BQX u M; /2KQMbi® i2/ k3 :>xe9@+? MM2H JAJP i’ Mb-
/IB;Bi H#2 K7Q KBM; j8&XBi2+im 2 (

_2+2MiHv- i?2°2 2 b #22M ;'QrBM; /2K M/ QM ?2v# B/ #2 K’
im 2bX PM2 bm+? ek MHB2ABFT (2b2Mi2/ k8@jy :>x TmHHvV@+QM
#2 K7Q 'KBM; '2+2Bp2'b 7Q  JAJP +QKKmMB jd)i BRIYAX: >2 HbQ -
2v# B/ #2 K7Q KBM; JAJP "2+2Bp2  rBi? + B2 ;;°2; iBQM N
r2B;?i / Ti iBQMX

IM+QMpP2MiBQM H 7Q Kb Q7 #2 K7Q ' KBM;- bm+? b /m H@r¢

RR



6B;m 2 KXOM+2Tim H+QTK 'BbQM Q7 h..-6..- M/ A"6. QT2 iB

7Q KBBHN M/ b2H7@Dbi22 BM: D K7 Q2KBMQ#22M "2TQ i2/ BN
HBi2 im 2X

kXk 6mHH .mTH2t /BQ

kXkXR PT2 iBM; ST BM+BTH2b

AM //BiBQMiQ K bbBp2@JAJP M/fQ T? b2/@ " v #2 K7Q"|
2° iBM;  /BQb 2T 'QTQb2/ b M2M #H2 RRXR"VMmHE 8mMBARQ
BMi?Bb /Bbb2"i iBQM-r2 272 iQ BM@# M/ 7TmHH /mTH2t UA"6
iBM; M/ 2+2BpBM; ii?2b K2KXRPQ2M+Q@X 6BTXm HHvV i?2 /Bz2
#2ir22M h..- 6..- M/ A"6. KQ/2 Q7 QT2  iBQMX AM i?2Q v- A"
bT2+i° H 2{+B2M+v U#Bibfbf>xV +QKT "2/ iQ i?2 Qi?2  iQ /mT
/BiBQM HHv- 7TmMHH@/mMTH2t bQHp2b T Q#H2Kb Qi?2  i? M T?
/2i2+iBQM M/ ?2B//2M i2 " KBM HX

h?2 2 bQM 7mHH /mTH2t Bb MQi rB/2Hv mb2/iQ/ v Bb i?2 b2
i? i Bbi?2 +QmTHBM; 7°QK i MbKBii2  iQ Bib QrM 2+2Bp2°
Ryy /" b2H7 BMi2 72 2M+2 bmTT 2bbBQM Bb "2[mB 2/ 7Q" 7
MaL_ 2[m H iQ Bib ? H7 /mTH2RX+ QmMM2iTQm;(? i?2 i’ MbKBii

Rk



6B;m 2 kXBV2 B+ TmHH@/mTH2ti" Mb+2Bp2"  "+?Bi2+im 2 /2TB+
BMi2°'72°2M+2 bB;M H- Bib KmHIBTH2 "2~2+iBQMb 7 Q}

M/ hs MQMB/2 HBiB2b- HH Q7 r?B+? Kmbi #2 bmTT 2b

MQBb2 ~QQ  iQ +?B2p2 bm{+B2Mi aL_gKX i?2 /2bB 2/ b

bB;M HBb FMQrM- i?Bb KQmMi Q7 b2H7@BMi2 72 2M+2 + M-
BM /B;Bi H/QK BM- K BMHv /m2 iQ HBKBi2/ .* /vM KB+ = M;
Qb+BHH iQ T? b2 MQBb2- KBt2°™ M/ KTHB}2  MQMHBM2 "BiE
/IBiBQM HbmTT 2bbBQM M/ + M+2HH iBQM Bb "2[mB 2/ BM
T°BQ iQ .*bX aQK2 Q7 i?2b2i2+?MB[m2b "2 Mi2MM b2T " iE
M/ +iBp2 M HQ; + M+2HH iBQM- BX2X i TTBM; +QTv Q7 i?
bm#i° +iBM; Bi7 QK i?2 2+2Bp2/bB;M H 7i2° /DmbiBM; Bib K
Hi?Qm;? i?2b2 M/ K Mv KQ 2 7TmHH /mTH2t i2+?MB[m2b "2
#22M 1i°'B2/ 7Q° ;2b-i?2 "2 bQM r?v 7mHH /mTH2t Bb +m " 2Mil
i?7 1Qi?2 K2i?Q/b Q7 BM+°2 bBM; bT2+i" H2{+B2M+v U /p M+
JAJPV ? p2 #22M 2t? mbi2/X MQi?2 KQiBp iBQM Bbi?2i 2M/
i? i K F2bi?2b2H7@BMi2°72°2M+2 T QHK2K KQ'2 K M ;2 #H2
bbmK2 7mHH /mTH2t gB6B ~ /BQ rBi? 3y J>x # M/rB/i?- k

Rj



TQr2' M/ 8 /" “2+2Bp2  MQBb2 };m'2X h?2 MQBb2 ~QQ Q7 i
#2+QK2M +10log(80 1F¥)+5= 90dBmX AM i?Bb b+2M "BQr2 M22/ R
Qp2 HH b2H7@BMi2 72 2M+2 bmTT 2bbBQMf+ M+2HH iBQM |
- iBQM- M HQ;f 6 M/ /B;Bi H/QK BMbBM Q /2 iQ Tmb? b2H7
MQBb2 ~QQ X bbmKBM; 8y /" /B;Bi H+ M+2HH iBQM- r?B+"
B+ HRKk@yB!T IWM KB+ > M;2V .*-ey /" 6 M/ Mi2MM + M+2F
"2[mB 2/X

kKXkXk -mTH2t2 bf*B +mH iQ b

h> /1 BiBQM HHv-/mMTH2tBM; ? b#22M T2 7Q K2/ mbBM; b2T °
hsX g?2M bBM;H2 Mi2MM Bb b? "2/ 7Q" #Qi? _s M/ hs- /mT
mbBM; TQH "Bx iBQM /Bp2 bBiv Q99 Bii? G BM+2MHMi Qreix AND b b ¢
TQH 'Bx2/ _s M/ hs QT2 iBQM Bb T°QTQb2/X 6m’i?2 bmTT"
Bb +?B2p2/ #vimM #H2 2~2+iBQM i2'KBM iBQM Q7 M mtBH|
s Mi2MM i? i Bb +QTQH "Bx2/ rBi? i?2 hs Mi2MM X h?2 i2+7"
iQ#Qi? _6 M/ KK@r p27'2[m2M+B2bX >Qr2p2 -i?2i2+?MB[m.
K bbBp2@JAJP M/ T? b2/@ "~ v "+?Bi2+im 2b/m2iQ i?2 mb2
Mi2MM bX

M Hi2 M iBp2rv Q7 /mTH2tBM; mbBM; i?2 2H2+i B+ H # H
7QK2 r b BMi QOB9®/ BIM?Qm;? 7Q" 6.. bvbi2KbX Ai "2HB2b Q
# H M+2 " i?22°i? M7 2[m2M+vb2H2+iBpBiv-K FBM; BiTQbbB#
_6A*b- bBi/Q2b MQi 2[mB 2 ?B;?@Z T bbBp2 +QKTQM2Mib)
Bi? b#22M rB/2Hv mb2/ M/ bim/B2/ i _67 2[m2M+B2bX 7m|
rb/2p2HQ@U2M/ +QK#BM2/ rBi? M Mi2MM BKT2/98% Aib +FBM
# M/rB/i? HBKBi iBQM ? b #22M bim/B2/ M/ ek /" BbQH iBQM r
J>X # M/rB/BNK /m H@MQi+? p2 bBQM r b /2p2HIQ T2/ i? i +?
BbQH iBQM + Qbb Rey ByX# MA2BAIMKMT2 ' BQ T2 7Q K M+2 L
AASr b H i2 Q#i BM2/i? MFb iQ i?2 /2p2HQTK2Mi&RKXaPA *JI
/IBz2 2Mi p2 bBQM r b /2p2HQT2/ mbBM; ~Q iBM; # H M+B|
HQr MQBb2 QBRXiBQK#BMBM; 1".b rBi? a8¢-}HWZ'H {(2° QM

R9



6B;m 2 kXe# B/@i Mb7Q K2 # b2/ 2H2+i BHOJ@# H M+2 /mTI

rBi? L@T i? }892°2bMmHI2/ BM imM #H2 7" QMi@2M/b bmTTQ iB
A"6. KQ/2b Q7 QT2 iBQMX hQ/ v- 1".b T°'QpB/2 bi i2@Q7@i?
TMHH@/ m¥IB2tx8 bvbiBYX (

.2bTBi2 HH i?2b2 /2KQMbi® iBQMb- 1". T2 '7Q K M+2 i KK
Bb biBHH bm#@T "X 6B bi- i?2 2z22+i Q7 +QBH T ~ bBiB+b- #(
i?72 bm#bi” i2 M/i?2BMi2 @rBM/BM; + T +Bi M+2- HBKBib i?2
BM+'2 b2b BMb2'iBQM HQbbX

AM //BiBQM iQ Mi2MM T B M/ 2H2+i B+ H# H M+2 /ImTH:
M2iB+ +B +mH iQ b? p2#22M/2p2HQT2/BM BMi2;" i2/ +B +mt
iQ'bi? i "2#mHFv M/BKTQbbB#H2 iQ8®ENX;, h?2vBi2 GFRHBE Q|
Q7HBM2 T2 BQ/B+ HHviBK2@p VvBM; +B +mBib- miBHBxBM
T2'BQ/B+ HHv brBi+?2/i° MbKBbbBQM HBM2b U7Q" KK@r p2V
i2KTQ  H+QM/m+iBpBivKQ/mH iBQM-iQ +?B2p2 MQM 2+BT"
BM;b "2 T"QKBbBM;- 7m i?2" "2b2 "+? Bb M2+2bb "v iQ 7mH€&t
i?7 11 viQ# 2 Fi?2GQ 2Mix "2+BT Q+BivX

kXkXj; aA* M+2HH iBQM h2+?MB[m2b

AiKB;?1b22K2 bv7Q i Mb+2Bp2 iQ+ M+2H QmiBib QrMi
i?72i1° MbKBii2/ bB;M HBb FMQrM BM /p M+2-?Qr2p2 i?Bb Bb

R8



6B;m 2 ki sdB,bi Q7 b2H7@BMi2 72 2M+2 + M+2HH iB&HK M/ bmTT 2

"2 bQMb, 6B bi- hsiQ _sH2 F ;2 bB:M H 2tT2 ' B2M+2b bK HH ¢#
a2+QM/-i?2 i MbKBii2/ 6 bB;M HBb /BbiQ i2/ +QTv Q7 i?2
bB:M HK BMHvV /m2iQ S MQMHBM2 "Biv M/ GP T? b2 MQBb?2
"2; "/BM; i?2 BKT +i Q7 T? b2 MQBb2 QM /B;Bi H b2H7@BMi2"
IMTH2t bvbi2Kb-i?22 2 /2 dgXVX7R?BQ/{i?2 bB:M H ii?2 2+2F
BM+HmM/2 KmMHIBTH2 "2~2+iBQMb 7 QK i?2 M2 “#v 2MpB QMK:
H2 F ;27 QK hsiQ _spB i?2 Mi2MMRXQ  +B +mH iQ" (
+QHH2+iBQM Q7 i2+?MB[m2b "2H i2/ iQ b2H7@BMi2 72 2
BM 6B&Xd AM Mi2MM b2T " iBQM TT Q +?- hs M/ _s Mi2MM |
b2T " i2/ M/ BbQH iBQM Bb Q#i BM2/ 7°QK T i? HQbb #2ir22N
+ M+2HH iBQM K2i?Q/- irQ i’ MbKBid MMZMM=D r = THQK2/
i?72 °2+2Bp2° Mi2MM bQ i? ii?2vBMi2 72 2 /2bi m+iBp2HvX A
T 2bbBQM- hs M/ _s Mi2MM b UQ" "> vbV "2 TQbBiBQM2/ bm-
? p2 KBMBK HBMi2 +iBQMX h?2} bi M/i?B /K2i?Q/b 2[mB"
“vb- r?BH2 i?2 b2+QM/ K2i?Q/ /Q2b MQi HHQr 2p2M DbBM;Ft
aQ-i?2b2 K2i?Q/b "2MQibmBi #H2 iQ K bbBp2@JAdRXM/ T? b
+iBp2 aA + M+2HH iBQM i2+?MB[m2b rBHH #2 +Qp2°-2/ BM i

kXkX9 [ TiBp2 aA* M+2HH iBQM

AM T +iB+2 Bi Bb /2bB" #H2 iQ ? p2 b2H7@ / TiBp2 b+?2K|
aA+ M+2HH iBQM T2 7Q K M+2X h?2 HBi2  im"2QMb2H7@ / -
}Hi2 b Bbp biX >2 2 /Bb+mbbBQM rBHH #2 HBKBi2/iQ i?2B" m

Re



6B:m 2 KXZH7@BMi2 72°2M+2 bmTT 2bbBQMf+ M+2HH iBQM i2+7
K BMb, Mi2MM fT QT ; iBQM /QK BM- M HQ;f 6 /QK BN
i H/QK BWX(

M2KT? bBb QM ? “/r "2fA* BKTH2K2Mi iBQMbX
/| TiBp2 }Hi2 b/ i2 # +FiQ eyb M/ i?2v miBHBx2 bQK2 7Q K
b[m “2b UGJaV H:Q ' Bi?K- r?2B+XBbh?DrM BM#BIX TTHB+ #H
/B;Bi H}Hi2 bX >Qr2p2 - M HQ;f_6 aA + M+2HH iBQM Bb M2+
iBQMbiQ +?B2p2 "2 bQM #H2bB;M H@iQ@BMi2 72 2M+2 " |
iQ/B;Bi H/QK BM- bi?2/vM KB+  M;2 Q7 ?B:?2@bT22/ .*b "2
2 “/r "2f_6 BKTH2K2Mi iBQMb Q7 i?2 GJa / TiBp2 }Hi2  ? b Ht
i?72 HBi2  im 2X 6Q 2t KTH2- T "BM BKTH2K2Mi2/ M BMi2; i
Q7 hs H2 F ;27Q  *.)J "2+2Bp2)X GM?PQM/B @i Bb MQi 6. bvbi
i?2 2bmHib M/ +QM+HmMbBQMb 2 TTHB+ #H2iQ 6. bvbi2KbX
THB2 biQ +Q "2H i2i?2 GL QmiTmi bB;M HrBi? [m /> im 2 +Q
bB;M HX h?Bb Bb /B 2+i BKTH2K2Mi iBQM Q7 i?2 k@i T /B;Bi
iBK2 /2H v #2ir22M /D +2Mii Tb B2 ?Z6RM i hQNY?2 7 2[m2M+
QT2 iBQMX h?2v "2TQ i b2p2  H #QiiH2M2+Fb 7Q bm+? M B
iBQM " iBQ Bb b2p2 Hv HBKBi2/ #v /+ Qzb2ib BM +Q "2H iQ bf
+QMTHBM;- M//mTH2t2 :"QmT/2H vX >Qr2p2 - KQ 2 7mM/ K
i?72 M HQ; GJa}Hi2 #2+QK2b mMbi #H2 B7i?2/2H v XQM; i?2
h?BbrQ Fr b 2TQ i2/ i3j8J>x- M/ #2+ mb2 Q7 i?Bb HBKBI iE
iQ b+ H2 M HQ; GJa }Hi2 iQ ?B;?2  U8: KK@r p2V 7 2[m2M+B
bBKBH * #QiiH2M2+F r b HHQ @82 BEK/TBMK2Mi2/ *Pha 6.
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uyv u#v

6B;m 2 k®&Na / TiBp2 }Hi2  BKTH2K2Mi iBQMb BM U V /B;Bi H M
/QK BMX

i Mb+2Bp2 i kX9 :>x 2KTHQvVBM; _6 M/ /B;Bi H+ M+2HH iBC(
"Bi?KX h?2vK Mm HHvVimM2i?2/+ Qzb2i Q7 i?2H bie§ ;2 Q7 i?
bQHp2b i?Bb T 'Q#H2K #v 2KTHQVBM; /B;Bi HHV@+QMi QHH 2,
6. bvbi2K i kX9 :>x- +?B2pBM; k8 /"K tBKmK aA+ M+2HH iBC
Q7 M HQ; GJa }Hi2'b "2 M HViB§XHHV /2 'Bp2/ BM (

1Bi?2°BM M HQ; Q' /B;Bi H7Q K-GJa H;Q'Bi?K HQM2 Bb |
iQ 2 HBx2 T  +iB+ H6.bvbi2KbX h?2 "2 bQMBbi? iBiQMHV "2
Q7 i?2 aA bB;M HX h?Bb i bF Bb K BMHvV T2 ' 7Q K2/ BM M HQ
Bi Kmbi #2 +QK#BM2/- BM i?2 2M/- rBi? MQMHBM2 ~ aA + M+2
/IB;Bi H/QK BMX h?Bb ? b #22Me j2rRiM iHPvh AQONMKB R NI 2Mib i kX
>x X

[ TiBp2 }Hi2 b i? i /1Q MQi 2KTHQvV i?2 GJa H;Q Bi?K ? pz
TQ'i2d3¥X Ai Bb # b2/ QM b2'B2b Q7 #bQHmi2 TQr2° K2 bm
TQ i- 7i2 r?B+? i?2 QTiBKmK KTHBim/2 M/ T? b2 Q7 i?2 + N\
Tmi2/ #v ;2QK2i B+ K MBTmH iBQMb BM TT QtBK i2Hv bBt B
rbbm++2bb7mHHV /2KQMbi™ i2/7Q° 8X3:>x 2 H@iBK2 i® Mt
mMbBM; *Pha +QKTQM2Mib- #mi Bi Bb +QKTmi iBQM HHv KQ'2 B
HQ;f/B;Bi HGJa BKTH2K2Mi iBQMbX

R3



kXkX8 a2H7@AMi2 72 2M+2 * M+2HH iBQM |IbBM;
Pz@h?2@a?2H7@*QKTQM2Mib

J MV IQ'Fb + M #2 7QmM/ BM i?2 HBi2  imk2 QW HQH7@[m
BMi272 2M+2 + M+2HH iBQM K2i?Q/b miBHBxBM; *Pha +QKT
bB;M H@T Q+2bbBM; /QK BM- aiBKKBM; /Bb+mbb2/ b2H7@BM
70 HQr@+QKTH2tBiv 7melyx@imaI\HL2ZKIQNIBi( k2. JAJP
MQ/2 i kX93 :>x +2Mi2 7' 2[m2M+v mbBM; 6H2t AP 8dNR_ _6
+?B2pBM; 93 /" +iBp2 _6 bmTT 2bbBQM M/ 38 /" iQi HbmTT
/IBbiQ iBQM Q7 TQr2' KTHB}2'b? p2 #22M T °Qp2M mb27mH BI
BM 7mHH@/mTH2di)- @d2Bp2BBI( i kX93 :>x mbBM; LA 8dNR i
KQ/mH2bX h?2v ";m2i? i 7Q rB/2# M/ KQ/mH i2/ bB;M Hb- i?
2z2+i Q7 TQr2° KTHB}2'b Bb QM2 Q7 i?2 KQbi bB;MB}+ Mi HI
Rj/" //IBiBQM HbmTT 2bbBQM ii'B#mi #H2 iQ T 2HBbiQ iBQN

iQi HQ7 ej /" aAbmTT 2bbBQM r b /2KQMbi' i2/ 7°QK Mi2MN\
7Q° M3y@J>x# M/rB/i? Ghl1 bB;M H i kX9e :>xX h?2v 2KT? b
/IB;Bi H+ M+2HH iBQM Bb M2+2bb 'viQ Tmb?iQi HaAbmTT 2

_27KR(T QTQb2b #HBM/ M HQ; BMi2 72 2M+2 + M+2HH iB(
+ B2 "2+Qp2 vi2+?MB[m2b 7Q "SaE bB;M HbX h?mb- Bi Bb
KQ/mH iBQM i2+?MB[m2b bm+? b Z JX

AM "2+2Mi rQ F miBHBxBM; bBM;H2 Mi2MM +QM};m  iB
Qp2 i?2 +B ' +mH iQ Bb + M+2H2/ mbBM; i?2 b2+QM/ "v aA b
Mi2MK)X h?Bb ? b #22M +?B2p2/ #v KQ/B7vBM; i?2 7°2[m2M
b2+QM/ v aA +QKTQM2Mib mbBM; irQ p * +iQ  /BQ/2b i i?2
+ M HbQ #2 mb2/iQ /Dmbii?2 7 2[m2M+v # M/ M/ i?2 # M/rB
"2TQi2/ KQ 2 i? M 9y /" Q7 + M+2HH iBQM Qp2 e8 J>x Q7 #
/> r#t +F Q7 i?2 “+?Bi2+im 2 Bb i?2 TQr2° ? M/HBM; M/ MQMH
p > +iQ /BQ/2b 7Q  ?B;? hs TQr2 bX

RN



kXkXe 1tBbiBM: GBi2  im 2 BM AMi2:  i2/ a2H7@A
* M¥2HBM: h> Mb+2Bp2 b

a2H7@BMi2°'72°2M+2 Bb M Bbbm2 iQ #2 /2 Hi rBi?- MQi QMl
HbQ BM * /BQb QT2  iBM; i +HQDb2 T QtBKBiv- #Qi? T?vbB+
bi M+2- +Q2tBbi2M+2 Q7 rB ' 2H2bb HQ+ H ‘2 M2irQ Fb M/ "Hn
#Qi? QT2 iBM; BM i?2 kX9@:>x AaJ # M/X AMQM® GTBR2 2 '+
BMi2 72 ' 2M+2 + M+2HH iBQM b+?2K2 Bb T 2b2Mi2/iQ +QK# i

.m BM; i?2H bib2p2° Hv2 'b- "2b2 "+?2QM8:i2+?MQHQ;Vv ?
BM:X *QMb2[m2MiHv- K MV rQ Fb ? b 7Q+mb2/ QM 7TmHH@/m
i2+?MQHQ;v7Q  7mim-2 8: M2irQ ' FbX LmK2 Qmb BMi2;" i2/i"
P2HQT2/72 imBM;p 'BQmbb2H7@BMi2 @3 2TVM+2B-QWH+Q A HPBM
i MbKBii2/ bB;M HBb +QmTH2/iQ + M+2H2 M2irQ'F +QMbB
Q' /2° 6 # MI/T bb }Hi2 - r?B+? /Dmbib MQi QMHvV i?2 T? b2
BMTmi bB;M H- #mi HbQ i?2 bHQT2b Q7 i?2 K ;MBim/2 M/ T*
h?Bb 2z2+iBp2Hv T2 ' 7Q Kb 7 2[m2M+v /d®K BKIB22m@H Bxi iR @M
+2Bp2 +?Bi2+im2Bb T'272 "2/X h?2aA+ M+2HH iBQM Bb T
KQ/mMH iQ  /QrMKBt2° +QMbBbiBM; Q7 jR bHB+2b r?Qb2 BMTm
i2/ bB;M HX AM bBIKBH+QOQVR{7 i?2i MbKBii2/ bB;M HBb T b
M HQ; 6A_}Hi2'b M/ 72/iQ irQ

.BMdI mb2b + T +BiBp2 +QmTH2 - ii2Mm iQ - KTHB}2 - N\
+2H2 M2irQ ' FQ7 7TmHH@/mTH2tey :>x *JPai Mb+2Bp2 X /
TQH 'Bx iBQM # b2/ Mi2MM + M+2HH iBQM- BM r?B+? p2 iB+
Bx2/ bHQi HQQT Mi2MM b "2 mb2/7Q  i?2 i° MbKBii2" M/ “2-
BMi'Q/m+2b M mtBHB ‘v TQ'i QM i?2 _s Mi2MM i? i Bb +QT
Mi2MM - M/ mb2b "2~2+iBp2 i2 KBM iBQM ii?Bb TQ iX h?lI
/IDmbi2/bQi? iBi+ M+2Hbi?2K BM +QmMTHBM; #2ir22Mi?2 M
Mi2MM /QK BM aA bmTT 2bbBQM Bb +QKKQM BM KK@r p2 2
Mi2MM Bb 2KTHQV2/ 7Q  TQH 'Bx iBQM /BpBbBQMNMmMTH2t i’
r?22°2iQTf#QiiQK Up2'iB+ HTQH "Bx iBOQMV TQ'ib "2 +QMM2+
Tmib- M/ H27if'B;?2i U?Q 'BxQMi HTQH 'Bx iBQMV TQ bi 2 +

Ky



TQ ibX h?2 A* BM+Q TQ  i2b bBKBH " aA + M+2H2  +B +mB
+QMi"QHH2/ ii2Mm iQ'b M/ 2~2+iBp2@ivTI2 T? b2 b?B7i2 bX

kR



*2 Ti2" ]

ke@:>x a2H7T@AMi2 72 2M+2
*'M+2HBM; 6mHH@ . mTH2t h”
6’ QMi@1M/ BM Rjy@MK aB:2

h?Bb +? Ti2 T 2b2Mib bvbi2K M/ +B +mBiH2p2H M HvbBb-
Q7 7TmHH@/mTH2ti" Mb+2Bp2 7 QMi@2M/- BKTH2K2Mi2/ BM
+2bb-i? i 2KTHQvb M _6 b2H7@BMi2 72" 2M+2 + M+2HBM; +B

JjJXR avbi2K G2p2H .2bB;M M/ M HvbBbD

h?2 T°QTQb2/ 7TmHH /mMTH2t 7°QMi@2M/ "[XRBh2RithHDBB b ? C
BM "2/ +QMbiBimi2 i?72 aA+ M+2H2 +B +mBi-r?B+? # bB+ HH
KBii2/ bB;M H- T'Q+2bb Bib KTHBim/2 M/ T? b2 iQ ;2M2" i2
BMD2+ibi? i bB:M HiQ i?2 QmiTmi Q7 i?2 GL X h?2 #HQ+Fb B\
TQr2  AZ /IQrM+QMp2 ' bBQM 7mM+iBQM HBiv- i?2 # b2# M/f/+
mb2/iQ KQMBIQ  i?2 KQmMi Q7 +Q "2H iBQM #2ir22M i?2 i’
bB;M HX h?Bb BM7Q K iBQM + M #2 mb2/iQ [/ TiBp2Hv /2i2 K
M/ KTHBim/2 +QMi'QH b2iiBM;b Q7 i?2 + M+2H2" X

h?2K BM TTHB+ iBQM Q7 bm+? M _6 aA+ M+2HH iBQM i2+"
i72K BMH2 F ;27 QK hsiQ _s-r?B+? Bb 2Bi?2 Qp2 i?2/mTH:

k k



6B;m 2 [ XRQ+F H2p2H pB2r Q7 i?2T QTQb2/ 7TmHH@/mTH2ti" Mb-:

+B +mH iQ bV Q Qp2 i?2 b? 2/ Mi2MM BMi2 7 +2X aA bB;
2MpB QMK2Mi "2 Q'/2° Q7 K ;MBim/2 bK HH2  +QKT “2/iQ i?:
iQ + M+2HfbmTT 2bb i?2K 2z2+iBp2Hv "2[mB 2b MQi QMHvV T
/2H v /DmbiK2iX h?2 K BM aA +QKTQM2Mi /Q2b MQi +? M;2
T'Q}H2 Q7 i?2 aA +QKTQM2Mi /m2iQ 2MpB " QMK2Mi H "2~2+iB
brBi+? #H2 qBHFBMbQM Bb BMITQ7mi®2il KQui22 md2/ iQ /Bb #F
i?72 AZ/QrM+QMp2 ' bBQM 7mM+iBM HBivQM+2 i?2 QTiBKmK K
Q#i BM2/X h?Bb K2i?Q/ BKT ' Qp2b hs * /B i2/ TQr2  #Qmi kX8
AM i?Bb T “i- }'bi i?2 2z2+i Q7 T? b2 M/ KTHBim/2 +QMi Q
+2HH iBQM T2 7Q K M+2 rBHH #2 BMp2biB; i2/- 7TQHHQr2/ #v
Biv 2[mB 2K2Mib 7Q"  bm{+B2Mi aA + M+2HH iBQM T2 7Q K N\
bBQM Bb p HB/-i?Qm;?-7Q  Mv _6 b2H7@BMi2 72 2M+2 + M+
T? b2f KTHBim/2 +QMi"QH # b2/ + M+2HH iBQM +B +mBi vX

jXRXR S? b2 M/ KTHBim/2 *QMi'QH 2bQHmMiBQM

bbmK2i? ii?2 + M+2H2  +QMbBbib Q7 T? b2 b?mB7NbrBi? T
M/ HBM2 "@BM@/" ii2Mm 2000gAB X hi2T bQ@QBi + b2 b+2M "BQ
r?2Mi?2B/2 H+ M+2H2 bB;M HUBMpP2' b2 Q7 i?22BMi2 72 2"V
70m° +QMbi2HH iBQM TQBMib i? i + M #2 ;2M2" i2/ #v i?2 T*

K]



6B;m 2 j>XK, bQ /B ;" K /BbTH VBM; i?2 + M+2HH2 M/ 2 °Q  bB;N\
bT2+i KTHBim/2 M/ T? b2 +QMi'QH "2bQHmMiBQMX

#HQ+FbX h?Bb bBim iBQM Bb pBjXk AMi7BDB+2VIBER GBrKi?Qn
Q7 :2M2° HBiv-i?2 BMi2 722" M/ 2 °Q bB;M Hb + M #2 2tT" 2

A+l .,

Int= — UjXRV
" 2cos(=2) J
A+1 . _
Emm= —— €72 1 UjXkV
2cos(=2) J

h?2°27Q°2-i?2 KQmMi Q7 aA + M+2HH iBQM + M #2 + H+mF

- 2
SIC = Er?  (A+1)€72 2c05(=2)  14+A2 2Acos
ot A+17 © 1+ AZ+2A

UjXjV

h?2 #Qp2 2[m iBQM K2 Mbi? i M B/2 He@#HBTHE? R/ b?B7i
yX8 /" bi2T ii2Mm iQ  + M B/2 HHv +?B2p2 k8 /" aA + M+2HH
/" aA + M+2HH iBQM- d@#Bi Bi2 DRV 2MB/7iFXUBRX3bi2T ii2Mm
2 "2[mB 2/- "2bmHiBM: BM jR /" aA + M+2HH iBQMX h?2 +QM
p "BQmb T? b2f KTHBim/2 +QMi QH #Bi "2bj@KmiBQMb "2 b?Q

AM 2 HBiv-T? b2f KTHBim/2 +QMi ' QH #HQ+Fb 2t?B#Bi MQ]
T? b2f KTHBim/2 bi2T bBx2 #2ir22M i?2B" /Bz2 2Mi bi i2bX h?
#v i?2 Kb p Hm2 Q7 i?22°Q - 7Q BMbi M+27Q T? b2/ “vb

k9



6B:m 2 j¥XQMiQm'b Q7 b2H7@BMi2 72 2M+2 + M+2HH iBQM p2 br
M/ T? b2 Ut@ tBbV +QMi"QH "2bQHmMiBQMX

r2 "2 BMi2 2bi2/ BMi?2rQ bi+ b2 aA+ M+2HH iBQM T2 7Q K
Kb 2 °Q'br2 "2BMi2 2bi2/ BMi?2 K tBKmK 2 Q" #2ir22M Myv
K F2 Bi +H2 - i?BbBb M HQ;Qmb iQ i?2 K tBKmK .LG U/Bz2 2
M .*UMHQ: @iQ@/B;Bi H+QMp2 i2 VX AM i?Bhj%¥jQMi2ti- i?
BMXV Kmbi #2 mM/2 biQQ/ MQi b i?2 MQKBM H "2bQHmMiBQM
ii2Mm iQ - #mi bi?2 K tBKmK bi2T bBx2 #2ir22M i?2B" /D +2

.m2iQ /2pB+2 KBbK i+?2b M/ T 'Q+2bb p "B iBQMb Bi Bb T"
+?7B2p@ #Bi T? b2 b?B7i2 bX >Qr2p2'-BM i?2 + b2 Q7 / TiBp
MQi M2+2bb "viQ "2 HBX@@MB+FMm b2b?B7i2 X h?2 QMHV “2[r
iQ +?B2p2 rQ bi+ b2 T? b2 WCRM RIZZ QD KX3B2p2 i?Bb- i?B
MiBHBx2b Ry@#Bi AZ KQ/mH iQ> bi?2T? b2b?B7i2  TQ iBQ

h?2 p2°v }’bi Ry@# T? b2 b?B7i2 i ;2iBM; ImTH2tBM; TTFh
bi> i2/#v KB F? Mx /2?-#miBi QT2 i2b i HQr 7 2[m2M+B2b C
7 #° B+ i2/ BM +QbiHvbBHB+QM@QM®@b T?B 2 UaPaV T Q+2I
i 8 X N9 K&y X

k8



i XRXk _s GBM2 “Biv _2[mB 2K2Mib

amTTQb2i?2BMTmibB;M H Q7 iR@)E A, BB QFA2DTDHXK
A7 i?2 GL : BM Bb KQ/2H2/ b i?B/ I&X)2Z2aT QBAMNFKB H -
i22 QmiTmi bB;M H Q7 i?2 GL + M #2 7QmM/ b

y(t) = aA;cos! ;t + aA,cos! 5t

bA bA
+ 71(1 +cos2 it) + 72(1 +cos2 ,t)+ AjA, cost + ! )t+cos(ly o)t

cos 3 it cos 3 ot

+ cA? cos! it + + CA3 cos! ot +

cosl .t cos(2.+!,)t cos(2, !t
+ CA? + +
CAA2 4 4
It 2,4+ 2 It .
+cA1A§ cos! | +cos( > 1)t+cos( 2 1) UjX9V

2 4 4

AMG6..fh.. bvbi2Kbr2 bmTmQKM2,4i?°2 +HQb2HV@bT +2/ M/ T C
iQ/2}M2 HBM2 'BivK2i'B+bbm+?i?B /@Q /2 BMi2 +2Ti TQBWN
Q7 TMHH@/mTH2t +QKKmMB+ iBQMb- i?2v + M #2 2[m H iQ 2
i?72/2bB 2/ "2+2Bp2/bB;M H M/i?2 Qi?2" "2T 2b2MiBM; i?2 mN\
7°QKi?2i° MbKBii2 X 6Q #Qi? + b2br2 "2 QMHv BMi2 2bi2/ B|
i?7 1 M2 i?2 2t+Bi iBQM 7 2[m2M+B2bX >2M+2- M2;H2+iBM;
7°2[m2M+v +QKTQM2Mib M/ "2 " M;BM; i?2i2 Kb r2 }M/i? i

2 2

AA AsA
I coslit+c A+ 12

y(t) = aA;cos! t+aA,cos! pt+c Al+

cos! ,t

CA%AZ CA]_A%

+ cos(2, ! )t+

cos(2, !t UjX8V

h?2 }°biirQ i2  KKBMUi?2 KTHB}2/ p2 bBQMb Q7 a»2lBMTmi b
7Q0° M KTHB}2 X h?2 i?B/ M/ 7Qm’i? i2 Kb 2T 2b2Mi ; BM
BMTmi TQr2Blb M2; iBp2 BM ivTB+ H +H bb@ KTHB}2 b Ui?2v
: BM 2tT MbBQM i ?B;? BMTmi TQr2 VX h?2 H biirQ i2 Kb "2
/BbiQ iBQM UAJ.V T Q/m+ibi? i TT2 ~p2'v+HQb2iQ i?2 BMT

AM i?2 +QMi2ti Q7 TMHH@/mTH2t +QKKmMBMTEQMD i2 P p!
A1 MA, 2T 2b2Mi i?2 KTHBim/2b Q7 i?2 "2+2Bp2/ bB;M H M/

ke



6B;m 2 jX®BM2 "Biv M HvbBb Q7 i?72 "2+2Bp2 X

bB;M H- "2bT2+iBp2HVXALQ® iHKQbi HH + b2bX h?Bb Bb MQi
BM 6. bvbi2Kb bHQM; bi?2 GLY(Q@MBBi BB /MQK-AJ. T"Q/m+ib)
bm+? + b2-i?2 FMQrM hs bB;M H+ M #2 bm#i~ +i2/ 7 QK i?2 "~
BM M HQ:; Q  /B;Bi H/QK BMX P7 +Qm b2-i?Bb B/2 Hb+2M |
K Mv MQMB/2 HBi2b- bm+? bhs M/ _s Qb+BHH iQ  T? b2 MQ
Q7 i?2 hs bB;M H 7°QK i?2 2MpB " QMK2Mi- i?2 iBK2 p "vVBM; N\
+? MM2H 2i+X-#mii?2b2 "2 +? HH2M;2bi? i ? p2iQ #2 i +FH2
QT2 iBQM Bb MBT72 @#BMHRITmMi 2t?B#Bib AJ. T'Q/m+ib Q7 i?2
bi?2v "2 ii?2 p2°vb K2 7'2[m2M+v UK®V ir@/iRIEbFMQ UM
#v i?2 i° MbKBii2 - i?2v "2 MQi /Bz2'2Mi 7°QK /2bB 2/ bB;M
T2'bT2+iBp2- M/ i?2°27Q 2 + MMQi #2 + M+2HH2/ BM M HQ
T Q#H2K Bb KQ 2 b2p2'2BM +im H6. +QKKmMB+ iBQM bvbi2l
bB;M HBb MQi bBM;H2 iQM2 bBMmbQB/ bBMi?2 + b2 /Bb+ml|
bB;M HQ++mTvBM; i2Mb Q ?mM/ 2/b Q7 J>x # M/rB/i?- + 2 iB
iQ@+? ~ +i2°'Bx2 AJ. T Q/m+ib-r?B+? +QKTH2i2HV K bFi?2/2k
BiBb2bb2MiB Hi? ii?2GL Ui?2 +QKTH2i2 "2+2Bp2° +im HHv
i?7 ii?22QmiTmi Q7 i?2 GL Bb 7227 QK bm+? aABMi2 ' KQ/mH
h?2 #Qp2 /IBb+mbbBQM 2tTH BMb i?2 i /2@Qz #2ir22M i?2
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HBM2 "Biv- M/ T bbBp2 Mi2MM BbQH iBQMX h?BbjX®™ #2 pBb
>2°2-i?2 7mM/ K2Mi HiQM2 272 biQ i?2 aA bB;M H M/ AJj "2
BMi2 ' KQ/mH iBQM T Q/m+iX h?2 TQr2  ii?2 GL BMTmi Kmbi 4
P HRZmax DQ i? iaAAJj +QKTQM2Mib "2 #2HQri?2 MQBb2 ~QQ -
QT2 i2rBi?BM Bib bTm BQmb@7 22 /vM KB+ M;2 Ua6._VX h
7OHHQrbX h?2 AJj +[iXP2VBAR @B TX2bb2/ b

Pout OIP3=3(Pin 1IP3); UjXeV
r?2B+? + M#2 "2r Bii2M b
Pout =3Pin  2lIP3+ G: UjXdv

h?2M b2iPBME Now- 1?72 MQBD2 ~QQ ii?2 GL QmiTmi- r2 + M
K tBKmK HHQr2/ bB:M H ii?2 GL BMTmiX

S +32IIP3 UiX3V
LQi2i? i M@ BM+HmM/2b i?2 MQBDb2 };m  RQ7kiTBE BLM-HBBM X °
i2°Kb-r2RBd i?2 "QHixK MMdéb +QMbi Mi-h Bbi?2 #bQHmi2i2K
"Bbi?2 # M/rB/i? M/ 6 Bbi?2 MQBb2 7 +iQ X g2+ M 7m i?2" °
HHQr2/ bB;M HiQ i?2 i° MBKKIiM/TIQbdBY2 Mi2MM BbQH iB(
hs iQ _sCkk rx V- bBM+2 r2 KmBy by KB ¥ Crx rx X

hQ #2ii2° TT '2+B i2i?2 i  /12@Qz-i?2 7TQHHQrBM; + b2 bim,
8. KK@r p2 # M/b Ukefk3 :>xV iviB+ HGL BMaB:2 "B*JPa +*-
PSR/"X 6Q" +H bb@ QT2  iBQM i?Bb K2 Mb M PASj Q7 TT Qt
iviB+ HGL ; BM Q7 R8IP;x3 7"KX h?2 +QKTH2i2 "2+2Bp2 k
?2 p2 MQBb2 };m 2 Q7 8 /"X 6Q° Ryy J>x # M/rB/i?- MQBb2 ~
#2+QK2MW+5+10log(100 1F)= 89 /"KX *QK#BMBM; i?2b2 "2bmHib r:
Piimax = —%2-2= 263 /"KX h?2°27Q°2-7Q  R8/"K hs QmiTmi TQr2°

BM i?Bb 7' 2[m2M+v ~ M;2 M/ T Q+2bb- r2 rQmH/ 2[mB 2 9R
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bmTT 2bBQM Q7 i?2 aA bB;M HX S bbBp2 bmTT 2bbBQM KQ "
2bT2+B HHv i KK@r p2 7 2[m2M+B2bX h?mb- 7Q bm+? M 6.
QT2 i2-hsQmiTmi TQr2 K v #2 2/m+2/ U M;2rQmH/ #2 bK |
Kv#2BKT Qp2/UGL bK HH@bB;M HHBM2 'Bx iBQMi2+?MB|
+m  2Mi+ M #2 +QMbmK2/ 7Q  BKT Qp2/ HBM2 "BivV- Q' KQ/m
BM+ 2 b2/X AM+ 2 bBM; i?72 KQ/mH iBQM # M/rB/i? 2 b2b GL

#mi K F2bi?2 M HQ;f/B;Bi HaA + M+2HH iBQM Km+? ? /2 X

i Xk Ry@# 02+iQ  JQ/mH iQ  S? b2 a?B7i2"

h?Bb b2+iBQM T 2b2Mib ?B;? 2bQHmMIBQM URy@#V p2+iQ"
aB:2 "B*JPaiQ +?B2p2?B;? b2H7@BMi2°'72°2M+2 + M+2HH IiE
TmMHH@/mTH2t 8: TTHB+ iBQMbX h?2 /2bB;M 2KTHQvVb i?2 :B
QM@ +?BT +m 2Mi@bi22'BM; . *iQ +QMi QH Bibi BH +m "2M
MQM@+?BT Shh+m "2Mi 272'2M+2- M/ T ' Q+2bb +QKT2Mk

h?2/2bB;M Q7 i?2 p2+iQ  KQ/mH iQ  + M #2 /BpB/2/BMiQ _6
i"QH+B +mBi'v- b XBrivwvBM&BB; X BM+HmM/2b i° Mb7Q K2  # H
TQHVT? b2 }Hi2° USS6V [m /> im 2 ;2M2" iQ - M/ :BH#2 i@+2
iQ'c M/i?2/+/2bB;MT "iBM+HmM/2b Shh+m "2Mi 272 '2M+2-
+B ' +mBi'v- +m "2Mi bi22'BM; . *- M/ + b+Q/2i BH +m "2Mi bQ

JXKXR h” Mb7Q K2 " HmM

AM Q /2 iQ +?B2p2?B;? HBM2 "Biv-i?2 p2+iQ  KQ/mH iQ  n
BMbi2 / Q7 M +iBp2 # HmMMX h> Mb7Q K2  # HmMb 2 rB/2H\
r2HH bim3B2/ (ke :>x-i° Mb7Q K2  # HmMb 2 +QMbB/2" #Hv
iQi° MbKBbbBQM HBM2 # b2/ # HmMbX h?2X8& b8 :M-MM2EDD22
bBM;H2@2M/Q/Byg2 2MiBXHhRRykyy T> T'BK v +QBH r b "2 HBX
bBM:H2 im MiQT@K2i HkiK+RIQFMBI/IA? /MBKk@2iRX7?20@Y
T>Db2+QM/ v +QBHTr b 2 HBx2/ #v irQ@im MiQK@K2i HR i
BMM2 /B K2i2KR7h9B® ;2QK2i'v T'Q/m+2b KQ/2 i2 K ;M2iB
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6B;m 2 j>b®2 “+?Bi2+im 2 Q7 i?2T Q+2bb@+QKT2Mb i2/ ?B;?7@
P2+iQ  KQ/mH iQ X 2/ #Qt, 6T “i- #Hm2 #Qt, /+f+QMi"
+Q2{+BXMDBTIQ 2M #H2 rB/2# M/ K i+?BM; T2 ' 7Q K M+2X Aij
iQ K tBKBx2i?2 p BH #H2 TQr2' ; BM Q7i?2i° Mb7Q K2 X h?2
+ T +BiQ°'bimM2 Qmii?2 BM/m+i M+2 Q7 i?2 +QBHb M/ T2'7Q
76 + T +BiQ' b "2 mb2/ BM b2 B2b iQ 2 HBx2 i?2 9y 76 + T +I
bvKK2i'vX h?2 Qp2  HH# HmM ? b bBKmH i2/ BMb2 iBQM HC
:>x # M/- M/ Bib T? b2f KTHBim/2 BK# HfMX[BBbXH2bb i? M yX

jXkXk Afz :2M2° iQ°

h?2°2Bb p bi HBi2' im'2 QM /Bz2'2Mii2+?MB[m2b Q7 [m /"
Bk3dX h?2 # HmM Bb 7QHHQr2/ #v k@bi ;2 * TQHVT? b2 }+
"2:QQ/ KTHBiIim/2 M/ T? b2 # H M+2 #2ir22M Bib QmiTmib- ?1
+QKT +i 2 ¢ M/ Bib K BM /Bb /p Mi ;2 Bb BMb2 iBQM HQbbX
}JHi2° UZ S6V +QmH/ ? p2 #22M mb2/ BMbi2 /- T°QpB/BM; bB;!I
HQbb-#mir2 T 272 2/ T? b2f KTHBIim/2 # H M+2 /p Mi ;2 Q7
i?2BMb2'iBQM HQbb /p Mi ;2Q7Z S6Xg2mb2/i?2+QMbi Mi k
Q7 i?2 k@bi ;2 _* SS6 b b?édr BAVREBLK MIC =57 76X
h?2 +im HH vQmi BKTH2K2Mi iBQM Bb bHB;?iHv /Bz2 2Mi i?
iQ 2Mbm 2 bvKK2i'v M/ miBHBx2b /mKKv "2bBbiQ'b M/ + T +
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6B;:m 2 jXe,22K iB+ M/ j. HvQmi pB2rb Q7 i?2 i° Mb7Q K2  # Hm
k@bi :2 _*TQHVT? b2 }Hi2 X

6B;m 2 jX®2 bBKmH i2/ UV ; BM M/ U#V T? b2f KTHBim/2 BK# H
+ b+ /2/1° Mb7Q K2  # HmM M/ k@bi ;2 _* TQHVT? b2 }F

K i+?BM;X
6B;pXd?Qrb i?2 1J bBKmH iBQM “2bmHib Q7 i?2 + b+ /2/ # H
'2M2° iQ X h?2 iQi HBMb2 iBQM HQbb Bb Rk /" i ke :>x M/
HQbb2b 2 #2ii2  i? MRy /" 7°QK ky iQ je :>x UMQi b?2QrM ?2°
HBM2 H2M;i?b 7i2  i?2 k@bi ;2 SS6-i?2 T? b2 2°°Q r b /Dr
X2 Q@+ QbbBM:bi? i r2°2 TH +2/ QM b2T " i2 bB/2b Q7 ke :>x
iXd#V- iQ K BMi BM ;QQ/ T? b2 # H M+2 #2ir22M i?2 QmiTmil
p "B iBQMbX h?2 T? b2 2" QBMBKK®@pD i9xMt RM/ M/ i?2 KTHBI
2°°Q Bb M2;HB;B#H2- bi?2 *SS6 Bbmb2/BMi?2 +QMbi Mi@
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jXkXj] :BH#2 i@*2HH *Q 2

.Bz2'2MiB HA M/ ZbB;M HbQ7i?2SS6 272/iQi?2+Q°2Q"
b b?QrM BMX®B 2 >"h bBxb0:4@ K M/ i?2v "2 #B b2/ 7Q"
K tBKmK i BH +m "2Mi Q7 dX8 K X h?2 >"h bBx2b "2 +?Qb2M il
#2ir22M TQr2  +QMbmKTIiBQM M/ _6 QmiTmi TQr2'X h?22jyy T>
dy 76 b2°B2b+ T +BiQ 7Q ' Ki?20QmiTmi K i4BBM2W2Brr AQ@Q*
M/ eyy 2bBbiQ Bbmb2/iQ rB/2M i?2QmiTmi K i+?BM; # M/rE
KQ/mMH iQ  ? bi?2 #2M2}i Q7 +QMbi MiTQr2  +QMbmKTiBQM
Bib b2iiBM; M/BMTmi/ Bp2TQr2 - mMHBF2i?2+m "2Mibi22 I
TQr2° +QMbmKTiBQM +? M;2b b 7mM+iBQM Q7 i?2 T? b2 b2i
i?72>"hb 2T QpB/2/ #v LJPai MbBbiQ bX h?2 #QiiQK LJPa -
bQm +2 M/ i?2mTT2 QM2b +i b bB:MbrBi+? 7Q° A M/ Z bB

jXkX9 _272°2M+2 *m > 2Mi :2M2" iBQM gBi? S Q+2kL
*QKT2Mb iBQM * T #BHBIiv

h?2 T2 7Q K M+2 Q7 ?B;?@ 2bQHmMIiBQM p2+iQ  KQ/mH iQ
/+ #B b M/ +QMi 'QH pQHi ;2bX AM i?Bb rQ F- iQ iQH2  i2 T°
p "B iBQMb- /+ #B b M/ +QMi QH pQHi ;2b 2 :2M2" i2/ #v Q

Shh+m "2Mi 272 2M+2 7TQHHQr2/ #v j@# T Q+2bb +QKT2!I
KB""Q- M3@# +m "2Mi@bi22°BM; . *- M/ + b+Q/2 +m " 2Mi
brBi+?2bX

h?2 QM@ +?BT Sh h +m "2Mi "272°'2M+2? b MQKBM H QmiT
"QOQK i2KT2 im 2X Ai /7t®@KkkX8 o bmTTHv 7Q° TQr2  +QMb
Q7 RX3 KgX

hQ +QKT2Mb i2 7Q " TQbbB#H2 T'Q+2bb p "B iBQMb- SJPa
rBi? j@# +QMi"QH + T #BHBiv r b 2KTjK@vRK MQUCERNW B ND B X B
QMHV i?2Ja" Q7i?2i?2 22 #Bi +QMi'QH rQ / Bb ?B;?2X h?2 QmiT
BbBMi?2 M;2 QBBXE@KdVMRQKBM H +m "2MéimBM #H2 ° M;2-
b+ M#2 b22MjBM BB2XQmiTmi +m "2Mi Bb +QMbi Mi mT iQ H
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6B;m 2 jXa3,?2K iB+ pB2r Q7 i?2 SJPa + b+Q/2 +m "2Mi KB "Q" rBi
+2bb +QKT2Mb iBQM + T #BHBivX

6B;m 2 jaBKmH i2/ QmiTmi +m "2Mi Q7 i?2 T'Q+2bb +QKT2Mb iB
“2Mi KB QX

kXjo-r?B+? Bb KQ 2i? M 2MQm:;?X

JXkX8 *m "2Mi@ai22 BM; . *

h?2 + BiB+ HT i Q7 i?2 /+f+QMi QH +B +mBi'v Bb i?2 +m"™"
# b2/ QM + b+Q/2 SJPa +m "2Mi bi22'BM; iQTQXHRy,n?2d b?Qrl
bBx2b Q7 SJPai MbBbiQ b BM2 +? . * +2HH "2V#B™M v r2B;7
25 m=05 m MB20m=05 mX h?2 H ";2bi TQbbB#H2 /2pB+2 bBx2b
HHQrH2bbi? MRy Mbb2iiHBM; iBK2X g2 +?Qb2 HKQbi9iBK2]|
Q7i?2T°Q+2bb-iQ KBMBKBxXx2i?22z2+ib Q7T Q+2bbp "B iBQ
T BK 'v;Q HX h?2 HQM; +2 MOM2HV2PpBH+R2BM+ 2 b2 i?2 HBM2
i?72 . *X h?2 K tBKmK QmiTmi +m "2Mi Q7Xh22 +#BHMEZyBM i?2
QmiTmi+m "2Mi Q7 i?2 . *BhXRArMBM 6EBEM Q7 HQ / pQHi ;2
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6B;m 2 [ XRy?2K iB+ pB2r Q7 i?72 3@#- SJPa- #BM 'v@r2B;?i2/-
bi22°'BM; . *X

6B;m 2 jXRR,"2Mip Hm2b i QM2 Q7 i?2 QmiTmib Q7 i?2 +m "2MiC
pbX i?2 HQ / pQHi ;2X .Bz2 ' 2Mi +QHQ b b?Qr i?2 QmiTn
i?72 br2Ti 8Ja" Q7 i?2 . *+QMi QH rQ /X

i?72 8 KQbi bB;MB}+ Mi #Bib r2 2 br2Ti 7Q  #2ii2 pBbB#BHBivX

jXkXe AfzZ aB;M arBi+?2b M/ h BH *m "2MiJB "Q b

h?2 M HT i Q7 i?2 /+f+QMi QH +B +mBi'v Bb LJPa + b+Q/
T QpB/2i?2i BH+m "2Mib Q7 i?2 :BH#2 i@+2HH ivT2 p2+iQ " K
XKk>2"2%- M/ 3 7Q K +m "2Mi KB 'Q i? iQT2  i2 7°QK ‘272"
"M;BM; 7°QKYy i&BKmMKX .2T2M/BM; i?2 QM2 /2bB 2/ [m /" ir
p2+iQ° KQ/mH iQ -1Q 2 QUbIBPRBG Y V T i?b Bb 2M #H2/ M/
i?72 Qi?2 QM2 Bb /Bb #H2/- mbBM; i VAZDB+M D2EBBKTHRKIMI2
BM b2'B2b@b?mMi aS.h +QM};m" iBQMX h?Bb iQTQHQ;v Bb b
brBi+?2b BM i2 Kb Q7 brBi+?BM; bTR®/-JWi?2 Tii2 @7 iJBb
/IBb #H2/V Bb TmHH2/ /QrM iQ ; QmM/ r?2M i? i T i? Bb /Bb #
bQm +2 i° MbBbiQ0Obm=05 B x\A50 m=0:5 m- M/ i?2 +QKKQM@; i2
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6B;m 2 [ XRk?2K iB+ pB2r Q7 i?2 AfZi BH +m "2Mi KB "Q bX

6B;m 2 jXR$?22K iB+ pB2r Q7 i?2 H2p2H b?B7iBM; brBi+? /B

i° MbBbiQ b 62mbEI82r MPO m=0:13 m- iQ T ' QpB/2 K tBKmK i Bt
+m T2MOQA 15=75 K X

6BM HHv HH i?2 brBi+?2b BM i?2 AfZ . * /IBb+mbb2/ bQ 7 " r
yfkX8 0 /B;Bi HbB;M HbX >Qr2p2'-i?2/B;Bi HHB#  "B2b BM i~
0 QT2 iBQMX h?2 +QMi'QH bB;M Hb Q7 i?2 AfZ . * +QK2b 7 Q|
+mbiQK /2bB;M2/ #v Kv +QHH2 ;m2 #/m > ?K M "m™ FX h?2 2°
+B +mBi'v7Q HHi?2b2 brBi+?2bX q2 /QTi2/jREiQ@QFQHQ:v b
"2 HQy @2pB+2b i? i 7TmM+iBQM b i?2 BMTmi BMp2 iBM; #mz2
Q74sls r?B+? "2 2B/2@Bo-2bX . BMb Q7 i?2b2 /2pB+2b 2 +QM
+'Qbb@+QmMTH2/ S P &T2B2J°2r2 F/2pB+2b bQ i? ii?2B /" B
TMHH2/ /IQrMs#?2M HQr@iQ@?B:? i° MbBiBQM Q++m'b ii?2]

h?2 Qp2°  HHH vQmi Q7 i?2 +QKTH2i2 +QMi QH +B +mBi v (
b?QrM BMB9Ri Q++mTB2b /B2yXk KK yXRd
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