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Fully integrated radar sensor transceiver in the

millimeter-wave band

Abstract

Integrated radar sensors have found extensive application across various seg-
ments of modern human life, including the automotive industry, consumer electro-
nics, and the eld of medicine. Radar sensors operating in the millimeter-wave
domain have shown particular interest due to their signi cant advantages such as
the capacity for integration of complex hardware solutions on a chip, enhanced per-
formance in terms of speed and distance measurements, and improved resolution
of these systems compared to radar systems operating at lower frequencies or
acoustic or optical systems of similar purpose. A critical aspect of applications
requiring angle detection is the need for the use of virtual antenna arrays, which
necessitates the design of multichannel receivers and transmitters for operation
in the specied frequency range. Within the scope of the presented research,
transceivers for Frequency Modulated Continuous Wave (FMCW) radar sensors
were developed, including a MIMO transceiver with two transmitting and four
receiving channels, speci cally adapted for use in short-range radar sensors. The
analytical results of the research encompass simulations and measurements of
the functional parameters of individual channels, as well as the evaluation of the
designed transceiver in the context of MIMO FMCW radar sensors.

The designed transceiver with an eight-element one-dimensional virtual antenna
array has a theoretical angular resolution of 14.32 The transmitting channels
operate in the domain of time division multiplexing, and each can deliver 12 dBm
of output power in saturation, with an output compression point greater than

5 dBm for the entire designed passband of 57 64 GHz. The millimeter-wave part



of the receiver has a noise gure greater than 13 dB and an ampli cation of 17 dB
in the designed frequency range. The low-frequency part of the receiver has a
maximum gain of 60 dB and can process beat frequency signals from 100 kHz to
1.3 MHz. The transceiver is designed using the 130-nm SiGe:C BiCMOS process
of IHP. The total area of the transceiver, together with the integrated fractional-N
PLL and the reference multiplier, is 12 mn?, while the total consumption amounts

to 930 mW.

In addition to the presented results of designed radar transceivers for the
unlicensed spectrum around 60 GHz, a solution for a fully integrated MIMO
transmitter for automotive radar applications around 79 GHz has also been
designed in the same process. The scaling and monitoring of the output power
are implemented to enable exibility and support robust and reliable operation
in complex trac environments. The layout of a single channel can easily be
replicated to achieve double and quadruple TX arrays. The transmitter delivers
15.12 dBm of saturated output power with an 11.93 dBm output 1-dB compression
point, while the peak PAE simultaneously reaches 15%. The power dissipation of
a single TX chain is approximately 265 mwW from a 3.3 V supply, and scales
linearly with the number of chains. The simulated channel gain is 25 dB, covering
the complete automotive spectrum of interest from 76-81 GHz. The proposed
dual-channel transmitter occupies an area of 1.57 m#; while the quad-channel

transmitter takes up 2.44 mm?.

Keywords: FMCW radar sensor, MIMO transceiver, millimeter-wave band, SiGe:C
BiCMOQOS, integrated circuits

Scientic eld:  Electrical Engineering

Scienti ¢ discipline: Electronics

UDK number: 621.3
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Daaadnée naicioe édaoéia aiiaoa (dide. Short-Range Radar- SRR), ca da-

céeéod 1a daaada ndda»aa (aideé. Medium-Range Radar- MRR) & a6aia aiiaoa

a T1aeea»ed 14ajdéaca. Oc iaiddaaé jadooeied feeesejoineed 0adieias]a,
glja NifadL£aaajo eiodadacejd adceéed dacijada e aeniéa o+anoaiifioe daaa,

foaja ialiotaai 6 noaadiel 18d0eed»eia fa 4épd 6e84aa. 140aceaara 18aada
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fon = fpear+ fo: (3)
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iinoe ja nodaie iddaajieéa. 1acooel, taaa na &idenoe FDM, aéaaie i6148ai
ja iital ia»é iofiofie Tifida il idaaajieés éije aedaeoii Nia»ojd dagiedoe-
jo alidoa daaada. CDM oadieéa ifadacoiejaaa ifadeasejo naagia idaaajita

Oaadea 1: 1544684 i0ioi eiodadenaied MIMO daaadnéed ideiliddaajieéa 6 V & W Tindceia.

e neri Oaiodagia 6+a- Asdij Oei 6idiedara idoraiiagie Oaaiia N
baoadaioa BW [GHZ] L N B I6éijaia
fioaiifio [GHz] TX/RX éajaéa fifia oaéafie 1aeeé | daciedoeja
. Gesture
Nasr 2016 [86] 60,5 7 2TX 4RX Digital TDM 14,32
recognition
Rimmelspacher 2020 [94 60,5 7 2TX 3RX Digital N/A 19,1 Sensing
- 286 @ .
Ng 2019 [91] 61 7 2TX 4RX Digital FDM 34 Sensing
57,
Dandu 2021 [82] 61 4 3TX 4RX Hybrid TDM 5,625 2 Sensing
Hsiao 2016 [65] 7 7 2TX 6RX Digital N/A N/A Automotive
Jia 2016 [76] 77 1.93 1TX 2RX Analog N/A 1,6 Automotive
Fujibayashi 2017 [95] 77 5 2TX 6RX Digital N/A N/A Automotive
Natarajan 2006 [75] 77 25 4TX 4RX Analog N/A N/A Automotive
Feger 2009 [85] 77 25 4ATX 4RX Digital TDM 14 Automotive
Arai 2021 [87] 77 4 3TX 8RX Digital TDM N/A Automotive
Ginsburg 2018 [88] 77 5 3TX 4RX Digital TDM N/A Automotive
Dandu 2021 [82] 78,5 5 3TX 4RX Hybrid TDM 5,625 2 Automotive
Giannini 2019 [92] 77179 N/A 12TX 16RX Digital CDM 1 Automotive
Ma 2020 [89] 79 4 2TX 3RX Digital TDM 9 Automotive
Mushtaq 2019 [90] 79 10 ATX 4RX Digital TDM 6 Automotive
Guermandi 2017 [93] 79 4 2TX 2RX Digital CDM 5 Automotive
Golcuk 2013 [77] 94 10 ATX 4RX Analog N/A N/A Imaging
. Gesture
Townley 2017 [78] 94 3.68 4TX 4RX Analog N/A 9 2 N
recognition
- UAV altimeter
Welp 2019 [64] 94 26 1TX 2RX Digital N/A N/A
Airborne anticollision
X R Imaging
Valdes-Garcia 2013 [79] 94 17 16TX 32RX Analog N/A 11;25 @
Communications
Peng 2015 [80] 94 11,1 ATX 4RX Analog N/A 2 Imaging
20aaiia dac¢ieo6eja it ageitos a0aaiia daciesoeja it dedaaceje ap&ciesoeja mjada+a 6acd
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4aee 1, ca idaaeisedie fenoal ecaadal ja daaad fia TDM idefiodiii ca feiodcod

N 72 AN o

+6ja
fiediaé ia 16ejaiieé RX , foeaed fia 0aciel éag»a»al jaaiaéei:

f = §de Sinq; (10)




2 2
—dexC03] q> W, (12)

q> : (13)
Ngrx Ntx drx COSY
lincaa8a»ai idejaiied aioaia ia 6aagaiinoe jaaiaéei 5, 0aidejiiéa 6aa-
fia daciedoeja ja
2
q> : (14)
Nrx NT1x COSj

JT

N~ s N AN N AN~ 7N




110
100
100
90
— 80
> 70
0
2 60
=
G 50
< | 140
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[EY

Prx = Prx + Grx + Grx + s +20log  40logR; (15)

Cross Section- RCS). ETSI idiiefidja iaéneiagio aicaigaio fiadod 16aaaj

AAXNAN 2O ~ T

14 10 dBm, € aéaeaacaioio eciod
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N 7N~ 7s0O

ei6 74 2 dB 1a ETSI a3oéienaia adejaaii

>
Qx
o)

e A NN

~3A3j0 451344 TBejAiieea & 15442 fi
A& 6686+6j4 & AdiTa6eenaie 6acie @6i, 8aét ja TieRar 6 [96]
!
n(Ee)
NF = NFpx 1+ fc : (17)
Fu Fu

-
>
>
’
1
’
R
’
4
[o]

11. Tigol ja ij
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20t — 18¢jaigaia fifada
B --- Tij&08eaino idejaiieéa

Niaaa [dBm]

0 2 4 6 8 10 12 14

fiaadceja ca ael ioejaiieéa éije daae fa fnediaceia 6 ieéeidoasn
B

~

ifado iida 4eoe aafa 1a 10 dB.
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aace FMCW Reidaoecaoida 6+afoaiiioe, [100], [69], [70], [68], [67], [101], [102],

[98], [71], [72]. 1346 4&iA5a08j6 ~&ié Aeidaoeca
7

Tief &ioegLaila 0aodiieieéia i6i0ana, a6adfe aa ja 1i éioee£ai ca ioijaé-
Olaa»a éaél éiea ivdanoaasgaied ¢ 1aii 11aeaaso, 0aél e 1ied 6 ifacaaseia
4e5
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3.1 Eadaeoadenoeed 0adiieigéia isioana
SiGe:C BICMOS 130-nm 043iiégée i316af SG13S 6edid IHP j& 616epE£ai

N7 N AA

ca ifaaceéaa»a (aidé. Back End of Line - BEOL) fi6 agdieiejoiiée é eia €o
6&01iT faaai - 42a adadaea did»a idcaca (TM2 44ageia 3 nmm é TM1 aaaseéia

\\\\\

ia»a 86e0e+ia aiasiaia neaiaga. 1aaj oasiieigée id
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isaaajiee ca iaeesaioedaie Tifaa 161 60 GHz

1|_|mt ("-M1

Active Base

Layer

Néeéa 12: BEOL éidep£aila 0asiielgéla idivana. [105]
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[6daajieé ca ideesaioedaie

3.2 Idaaajieé ca 1oidii eiodadenaie FMCW PLL &t

60 GHz

NN NN A7 7N ae N

6 iddeaceia na +eia ia iaéiaa»o 04 adaeve adcaie ca goaiiaio iei+6. Nae
Tae a6aeoe 110aj6 aeoe 6¢aoe 6 Taced oiéll daca 1dljaéoiaar»a 1daaajieéa, a
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[6daajieé ca ideesaioedaie Tinaa &t 60 GHz

~250 MHz . —OREF
PFD
> A Modulator |
18-bit MASH 1-1-1 T>
/\ FMCW Generator T Cp
REF| ¢ © 1
/ VGA | — [ /L/_\_ 100 pA | 100 pA
d Loop Filter

%/ rp | AAC
4 Prescaler —4 Auxiliary Divider =8

APD T/ =212 2| T SOP
Miller[{ Static Static [>{ Static [ Static [ SON

VgG» Currents

5 BIAS

£

| Bandgap| |Ref. Currents|

1I/Q Generator

Control Signals, Chirps Data

Ll L t DAC SPI

| Controls | |Register Bank|

AANAA =0 A

ficaiifioe cajaail fa eiodddenaiel idaaajieél, aié ja oioiacadeja idijaéo

-
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Modulator £

Generator

1.666 mm

IIQ Generator
) gl Bating |

|
=
&
S
©
Ros]
S
_;_

\
< 1.83 mm >
Néeeéa 14 OT‘Téaa()éja FMCW fieéioaoecaoida 6+anoaiifioe fa idijaéoiaaiei
iddaajieéti. [68]

aeamea Na éideptaxa idfadaiadesiia ija+rada+a 6 164ed0 idaaajieéa, ioeéa-
caila ja neeve 15(a). Ecéacia Riada na idaoe eiodadenaiei 440460150 Riada

~

aiae. power detector PD), @i i
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33V Power Detector
x1 V. x1] X103
e bl g
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= = = = Vrer
£ 12
QT
% A — Px measured
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o
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<
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@
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'
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o

=
o

1 1 ‘T 05 0 05 1
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n

e
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Faaa Teadecaseja & éliodiea ijazara, 84l ol ja icia+ail ia feesde 15
Tailf iaitia eanéiaa Vv € Vs Tadacoja éije ja 160 aiieiaioai (aiae current
steering techniqué & 0467 1Tadwadail ija+a»a VGA. 1aiii V! Vs fia el

- NT

figieiaeil Tjara»a VGA ca +/ V. Eia6éoeail 1ioddafa»a VGA ja &eéi
10deed ca idecadita»a (aidé. Interstage Matching Network- IMN) écia¢od VGA

HVCEN by

+aaa+a niada (aidé. Power Amplier - PA).

»ei Negjdae ecéacia iddsea ca idéeadicara (aidé. Output Matching Network -

|dTjaéoiaaie VGA e PA, éiajé ididdaiaaeéia fiodoja iieadecadeja lvea €
| pa EAET 4 &liTaicTaace 60edaj PVT aadejadeja, aée e fildoLeée é1iodiesd
6é06iia 110die»a idaaajiia éaiaca. Alaaoil, iadwadarai iaiia Vea, €i-
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il éceacied GSG (aiae. Ground-Signal-Ground) foi-

148jaioa 27 C. 1154¢A»4 eI6eedaIes & ecijAdaied Bacoedaca
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ST

[6daajieé ca ideesaioedaie Tinaa &t 60 GHz

@ RBW 3 MHz Delta 2 [T1]
VBW 10 MHz -0.28 dB
Ref 0 dBm EXTM IX V SWT 250 ms 11.000000000 GHz
0 Marker 1 [T1|CNT]
5 -15.03 dBm
e | 59.502134 GHz
VEW | ,,
15 B e e il M\l"‘ M”‘\@; TR
-20
-25
-30
-35
|
n A
4
-50
Center 64.5 GHz 1.3 GHz/div Span 13 GHz
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[6daajieé ca ideesaioedaie Tinaa &t 60 GHz

PN

Neeéa 19: Eaaisaocisejnea i

0AABA ca 1jABA»A ecBacia Riaaa idaaajieea.
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[6daajieé ca ideesaioedaie Tinaa &t 60 GHz

A NN

Neeéa 20: O1o1ada0eja goaiiai

fieioacecacida e idaaajieé

a

eod ie 0
fia adoageia ifioedaiia +eia. [68]
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NN N AN 7 oaaxA

aeoaéa 6io
fa E8257D fédiaeieé 4aiadaoid, V8486A faicid niadd & E4419B iaicio fiia-

34. Addeoeaia eciodiiia ecoa+aia fiada (4iaé. Equivalent Isotropic Radiated
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[6daajieé ca ideesaioedaie Tinaa &t 60 GHz
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I OUT RX IN Q OuT

TX OUT
@) (@)
Neeéa 22: (a) idljdeotaaie 11468 daaadniéla naicidva (32mm 22mm
7mm), € (&) 6i0iadadeja 16eadoaediia FMCW idaaajieéa (2,17 mm
2,23 mm). [67]
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gciad 0a0edéoeaia (1a0agia) saaie. Eilaaaina naeod éiiiliaioe aioaia iai-
ja801aaia RO ¢ 1aefieias ijaa»a ia 15dBi fia ia»4 14 2 dB 435833208j4
6 gediéN 1inaao 6+anoaiifnoe 1a 50 &1 70 GHz. Oe¢ie+ia gedeid cdatara ia
3 dB ¢ 1aii Tifaas 6+afoaiifioe nd 40 & 15 6 E- & H -daaie, dafiiaéoeail, gof
j& 15864a0824a1 ca AAfeio idadoe+ied ideijaia. 1a neeve 23 6 ideéacaie
50820808 ca &cijadaio fiadsé & EIRP 81jaéoiaaiia 53aadnéia naicisa
20
E s EIRP
? Ptx simulated
g Ptx measured
g 10
5
=%
3
5

a1
iy

57 60 63 66

Frequency (GHz)

Néeéa 23: EIRP & 6ii6a¢a»a ecijaddia & neiveedaid eceacia niada

idaaajieéa.
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Aegisaiae

I,

& MIMO i8éiiidaaaji

e

écai

i5loano. 1al 11a6aa8a na O iajaaLl] ijade 1
i64eeéanejo [72] 1aaéeéd o 1dadcaoa feeé
€80+0e

€aaso 2, écadaaia ja eiiea-
6 éiea. lijaaiiioaasa-
gia ioeilidaaajieéa
i gijeia fa ii-
ifdas no jaaiinodaia éaél ae na
al aecaji 1ef-
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Aegicaiagie MIMO ideiliddaajieé ¢a oioil eiodadenaid saaadned ndiciod

PD 1 T T2 PD ,
PA1 PA2
MDLL
Ts
Reference VGA
6 Fractional- N
PLL Core
Vg , Currents PD 3 AAC
Prescaler 4
Bias
APD Miller Static
Bandgap  Ref. Currents
Ta
VCO
Control Signals, Chirps Data
SPI Auxilliary
Divider 8
Controls Register Bank
LO Distribution Network
— N ™ <
5 s : - . .
3 O B O © S 3]
a o 9 o 9 o 9 A
m m m m
N N AN A\ A O /7N £ ssAA 2 N\ A AN XATO A NAA N AN
Néeéa 24: OidigLaie 4€ié aejaddal idijaéoiaaiia 2TX 4RX MIMO
e N \Aue O s N "7\ AN
i0eilidaaajieéa
IAAS N swAN N o 7 ~ 7 7 N\ Y 7 A o O /7N A~ AANIAZ7O 73 Y\ ) AN I~ 7N\ N A A Y 7
iAo iTiasea 6 Nocaeja»o 1adactaied éfiiiiaiaoa 6aciia gdia e Maigga»o




Aegaéaiagie MIMO ideiTiddaajieé ca 1Moioil eiodddenaid daaasnéa faicioa
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Aegicaiagie MIMO ideiliddaajieé ¢a oioil eiodadenaid saaadned ndiciod
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Aegicaiagie MIMO ideiliddaajieé ¢a oioil eiodadenaid saaadned ndiciod

32:2)‘&& oot®
oot
3™m 7nm  3nm  2nm 14m 2mm
(\’b
QO
J%, 6.681m 6.681m
o
@)
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= -20
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o -25
e
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c -30
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222 1 S33; S44; Sss
-45 S; ; Ss4
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40 45 50 55 60 65 70 75 80
O-&fdAIRS [GHZ]
@)
Rieeea 25: (a) 3A eajaco iB1jac01aaIA 158 ca A8R058A00R6 fddiaca
giéaeiia noeeaocioa é (4) S-iadaidaode idijaéoiaaia i .
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Aegaeaiagie MIMO ideiTiddaajieé ca 1oioi eiddadenaid daaadned faiciod
4.1.2 Aaitaceaois
Jacadi aditadeaoioa éideg£ail ia 1all ~ei6 ja aaifiodoél daeainédaie
ijdga+ ia iteed ia dace Aeeadnoiaa éja [107] 0é0eaill adaaidsace-
il 6 aieoasd
RX
33V
380 380 RX wn
BB
ljaga-ée
LO Ao&iaf
64 BB
gm jacast
RF
80 pH 80 pH
LO wn
ia APD-a
(@)
\.?3%
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to BB
6‘9@
fa APD-a ;
(@)
RNeeea 26: ( ) OidieEaia paia i5ejaiieea & (4) 3A 83jaco &iisaiaioesaiia
jaaiia idejaiita éaiaéa 6 ieeeiaoadnél oaeaniil Tifaad
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Aégaéaiaeie MIMO ideiTidaaajie
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Aegisaiasie

MIMO i&eifidaaajieéé ca 1oiodi
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Aegéeaiagie MIMO i8eiTidaaajieé ca 1oidi
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14¢008i, Tigol ja Aefoal iaiejax»ai ideijai
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Aegicaiagie MIMO ideiliddaajieé ¢a oioil eiodadenaid saaadned ndiciod

TX 1 PA]_ PA2 X 2
3.3V 3.3V
Veasc pa Veasc pa
VB pa 4 VB pa,
3.3V 3.3V
VGA y-s 33V VGA 33V VGA g-m
VB vea
INP INN
cy
™
qoo
33V
33V
™> 1
@“««\
53
f\"a‘@)
@
Neeéa 30: (a) OidigLéia gaia 1644ajieéa 6 TDM élideéaddasejeé & (a) 3A
BRjA00 T5RAA]IS8A 6 12E&IA0ABREN TINAAH.
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Aepaeaiagie MIMO ioeilidaaajieé ca i

depLa»ai ididdaiadeeied adoia ioiidieéa e éfiadicaoioa 6 ifadaoiij fida-
ceé ifjarada+a. 1a¢oo0ei, 14aj i8enodi ja 0dzeaé ca eiigdidioacejo ia aafa
aefiéei 6+anoaif A1a aoaeoaéa, ideiadil radageoied ioidiifioe e éa-

N AN

jacada ifjaraaa+a fa id

7N s N AN AN

ja neeoe 31 Oédi-
ia iModie»a M0dGjA VGA j& 12 mA éc iaidja»a 1a 3,3 V ¢a ioaaéd VGA

fljaza»a 1a 8 dB.
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Aepagaiagie MIMO i6eilidaaajieé ca inoioi
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20 GC4
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oS
3
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5
0
40 45 50 55 60 65 70 75 80
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Neeea 31: fja-a»a i53aajieea ca dacse+oa iMja+ara i5Njaiseas
iljaradaa
4.2.2 Tijaradas fiadd
2811 oot AA Tadcadjaae efiosiea ija+ara, TOdAAI jA 181jaéoiaace i-
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Aégaéaiaeie MIMO ideiTidaaajie
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N SAN 2 IR

Aegicaiagie MIMO ideiliddaajieé ¢a oioil eiodadenaid saaadned ndiciod

7A = O

33 fieacail jA aa ja eceacia filaga cafe£a»a

ia 7 GHz, &@ié i

OP1dB
15 Ecéagia filada
max PAE
14
13
12
11

10

Niada [dBm], Power-added e ciency [%)]
(o]
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Aegicaiagie MIMO ideiliddaajieé ¢a oioil eiodadenaid saaadned ndiciod

4.3 lidaca»a idljaéoiaaiia iseiiiddaajieéa fa state-

of-the-art djaga»eia

s A

idaanoaagaie MIMO ideiiiddaajieé ja eiiedidioedai 6 130-nm SiGe:C

odaicénoideia na f1=f. = 240=330 GHz fia 140 0aiéed e daa adaaea aeoie-
iejoifiéa féelja ca Maaceaa»a. E4jado ideiliddaajieéa 6686+6joL£e 106 1/0
ladtaa na 1ae8aaediel é86+iel aciéiagia ideéacai ja ia neeoe 34.
MDLL X 1 X 5
PLL LPF
APD Dividers
SPI and ESD
VCO Bias £

LO Distribution

BB:1 RX; BB, RX;, BBz RX3 BB, RXy4

4 mm

s

Neeéa 34: E&jaco i6ijaéoiaaiia FMCW MIMO ideifidaaajieéa.

s N e N AN
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Aepagaiagie MIMO i6eilidaaajieé ca inoioi

efodasenaia daaadneéad faicioa
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Aegaeaiagie MIMO ideiTiddaajieé ca 1oioi eiddadenaid daaadned faiciod
Digital 1,2V
1% MDLL 1,2V
SPI ESD 3,3V 30 VCO 3,3V
PA 3,3V 11 %
Dividers 3,3V
o )
14 % 10 %
VGA 3,3V
11 %
APD 3,3V
13 %
PLL 3,3V
4 x DEMOD 3,3V
6 %
14 % Bias 3,3V
MDLL 3,3V 4 x BB 3,3V 2%
1% 14 %
Néeéa 36: bafiiajaéa 1iodig»a ii iaiiinéel afaieia

AAAAAAAA Ans e

ca allalaa»a, |

aeod=ail j

NAA NN Y
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Aepagaiagie MIMO i6eilidaaajieé ca inoioi

—— RX input impedance
TX output impedance
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Aegicaiagie MIMO ideiTiddaajie

D
Q)
Q)

Nieoiaia aejaadaia ia neeoe 37. Tigdl Na ideeadica»a ia +ei6 adge ia
i0aoiioaaén aa ja eiiaaaifa ia 50 6 0a6asaioiij daaie éfja fia iagace ia
fioliedaia, aécaji iaélaa»a é aidaia fa goaiiaiij iei~e 00daa iase8eal aa

fia fiotadad. I6eoiaa eiabéoeaied aaca, éal e dadejadeja »ediaa adeeeia caia
jaivdoeciiiioe idivana, cadoejaaajé gediéiifjanio éfiidicadejo éaél e fa
Aioeja+eed ideed8aia 5406aeMNeja & A0ae0aé fiaad iddia aidodiaia. E¢leaceja
eciacto idejaiieéa e iddaajieéa ja 4iga ia 45 dB ¢ Tifidad 1a 16aéf 40 GHz,
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Aegaeaiagieé MIMO ideiTiddaajieé ca 1moior

e N A2 TR TN

fofadaiail MMadeeadajo£e éanéaai

A NN A N\~

»0 fia [82]. [84anoaagaie i6eitidaaajieé éadacoddsesa i

NN N A

(@)}
Qx
Q-
D
o
D/
=
D
1
Z
U
—
—
)]
g_)/
M
<
2
Qo
Qo
ox
Qy
=
X
=
>
]
(04
=
jab}
]
Q-
Q»
Q_);
g.’)
=
(o))
Qx
Q-
B®)
D:
('ID/
D
o
(9]
(@}
-




5 MIMO idaaajieé ¢a aooiiiaeénéa daaada
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caoejd [95] +ei4 fid ENAICOja 606a] AadRjabeja TBT6ARA, failia faidjara &
0A11A5A0654, 04 TAACAJACH]A DA 6 164856 AlCATSAIRE caB0jaAa ca (eaT Alefiejd
Aiagd. xe»aieta 4a ja iarada- AIAAA 48538011 iBeE80-4T fa 1BAAAjI6 -

\\\\\\\

TS
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aeiieadiei odaicenioioeia 6 1aiifio ia CMOS odaicefioidd fia acaéeaii itga

[66].

5.1 Ioijaéoiaa»a idaaajieéa ca adoiitaeénée 1ifaa
iaj+ag£e Renodinée idenodi ca aiageco e idijaéoiaara eivdasenaied da-

aiifioe 18ei8aia niadaa 6 1naaos 1a 130dBm & 120dBm

Tioefii i6iijaigeaa. 1ad 0de 6adac0adenoeed 4eea fo 46aaiad Midaoeoeeaneja
6 foGied idijaéoiaara iddaéieediia eaiva i0daajieéa. Aalaeoia é1iodi-
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Neeéa 39: Asié 4ejaadal idaasieediia aaieaiagiia MIMO iddaajieéa ca
f

AR

\\\\\

éaiaea o ideéacaie ia neede 40.
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idijaéoiaa»a iddaajieéa ca adoiitagénée Minaa
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Neeea 40: 3A ecaeaa jaaita eaiasa: (3) a+aaa+a filaad, & 0asita (4) 420ase
jacada VGA.
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i5ijaeoiaara iddaajieea ca acoiitaéeniee Tifida
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