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ABSTRACT

This research presents- development of FPGA programming for RADAR
transmitting. In this project, we use FPGA programming attend to generate pulsed-
signal in Ultra-wideband frequency at 3GHz for target detection by RADAR principle.
Using “Delay line-based pulse generation” method to generate the transmitting
signal. First, we use FPGA “Xilinx Spartan-6 SP601” in earlier period of this research.
Later, uses FPGA “Xilinx Virtex-6 ML605” as target board for better performance. This
research programs by “ISE Design Suite Version 14.7” in Verilog language. From
RADAR principle, generated transmitting signal, which is electromagnetic wave, and
wait for reflected when it already hits the target, in another word has already
detected the target. This phenomenon could be called “echo”. After, the system
will receive the signal whichhas come back and calculating for parameters to
identify location of the target.. The result is generation of pulse transmitting signal
with center frequency at 3.1GHz and bandwidth' approaching to 3GHz, which is in

condition of Ultra-wideband.
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g‘llﬁl 2.5 Transmitter block diagram
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gﬂﬁ 2.6 Klystron
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2.3.3 SUUNISAIUANNITYINAU (Master Time)
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2.3.4 szuuiudyeuru (Receiver)
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2.4 Usingnisainauilaas (Doppler Effect)
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(Zero Doppler)

Non-Moving

g‘i.lﬁ 2.7 Zero Doppler Effect
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Closing Target
Antenna

sUft 2.8 Doppler Effect — Closing Target
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Opening Target
Antenna

E‘Uﬁ 2.9 Doppler Effect = Opening Target
#iun ; wisde Electronics Warfare Fundamentals by ACC TRSS

2.5 doyanszyimanigvausans (Target Discriminants)
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doya lAln 28 (Range), Amisy (Velocity) WAzl (Angle)
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Detection

Dlscrlmmants

Range l Velocnty E Angle

JU# 2.10 ununwUeaya Target Discriminants
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2.5.1 see¢ (Range)
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R‘angeztl—zui><3><108 Rkl

2.5.2 A5 (Velocity)
| e s 0 4 . a a &4 |
Tumsdefyaavesssuuisansifundureiiios (Continuous Wave; CW) iFAuivilaue

fynafldsunduiniuasiimmauaiasulunieaiadanisidounnud (Shif) 5i3ennsideu
AN \fiaannusingnisalneuivass (Doppler Effect) §aazanusnefumaniidmanoninuisa
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2.5.3. 34 (Angle)
o o E!il 4 1 at
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‘gﬂﬁ 2.11 Velocity Discriminants
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3‘1]17’; 2.12 Angle Discriminants
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2.6 dyeyraunad (Pulse Signal)

) v ¢ A a4 & 4 a a 5 o
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& w i = L 1 P = ] al I dl a0 1
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fin: https://recordingology.com/in-the-studio/distortion/square-wave-calculations/
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2.6.1 Pulse Width (PW)
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2.6.2 Pulse Recurrence Time (PRT)
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2.6.3 Pulse Repetition Frequency (PRF)
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<= Pulse Recurrence Time =

Rl IR

Amplitude

Pulse Width
= (PW) —p

gﬂﬁ 2.16 Typical Radar Pulsed
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2. wuu PRF Stagger Junsdednyaraidioaudaduiuluagisounsy (Series) Fanamg
Furesiadrisundafnduaglifimasiisu Tnesuaupmdildddusynsuaud dygraaedond
“Position of Stagger” miﬁﬁfgrgﬂmquifvflwﬁa’!.mmﬁﬂmﬁsa‘aé‘mufymﬁaaﬁ’urmgnsvmu
(Electronics Protection ; EP) afu ‘Luﬁ’lﬂ&f’]dgﬂﬁ 2.18 1y “Two-position Stagger” fidruauaud

o & o & asT < g o P -
Tuaunsudaynraitl 2 Al Ao 2 Aladsnd (500usec) wag 3.3 Alaidsnd (300usec)

- lF'{-%lI::- 500usec =p = PIIRI= 500usec =»
IOV

1 el

Amplitude

§‘Uﬁ 2.17 Constant PRF Pulsed
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D
=]
=
s
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SU# 2.18 PRF Stagger
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3. wuu PRF Jitter \unsdsdyaasianinuiuuudu (Random Staggen) Wunilslumaiia
n1sdedyy1ueanun13gnIunIu (Electronics Protection; EP) §slunnsdedyaraiuuuiiazlais

1 A 1 dﬂ] 1 1 o 1 d Y
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sUfl 2.19 PRE Jitter
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2.6.4  Frmsineivasdyyianad Tuszuusans
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Pulse Width
‘-

High Power Pulse —}WM- _W

Receive Window . AID Samples \

Receiver A 11 T
. Radar PRI
Duplexer Switch B | Receive w

UM 2.21 Timeline 103M15ynuvesTUUSULAT dedyey 04

fi: Radar Systems Engineering Lecture 17 Transmitters & Receivers 1mg Dr. Robert M.

O’Donnell

@<

< = [ s B 1 e
MN3UT 2.21 Wunisaiuisanlunisviauveessuusu(Receiver) warsruudsdayyio

o

(Transmitter) aziiuladnlugag Pulse Width azifutiisnadsdyaavesssuuadduaiauazluge

bl

as

Rest Time axiluraenanSudynnaannisagiousnainidivaguesszuusudy o

2.6.5 Duty Cycle

\Jusnsaruvesaafisyuuds (Transmitter) Vinnsasdy A uIaIAIUYDe Jryeyind 1 gn
Tuszuuisasiazianddiniusnsdiusenied Pulse Width (PW) fu Pulsed Repetition Time
(PRT) vi3aidumaguszwine Pulse Width (PW) fiu Pulse Repetition Frequency (PRF) dauandly

gunns 2.2

P
Moia @@ [ by « PRF 22
XT3 3] =P 2

o as

2.6.6 N1ANUgEA (Peak Power)

Adeuile1inMYesseuLLIAITdIuLINTT NI 1NAIRIA UG ER (Peak Power) uat
A18991uLad e (Average Power) F99vaduielustgazidoansly A1dideiugegaie

= o g

weundgavesdyyruiadudavgnueniAdideuresiad Failusuinegluniae
wineind wenaniifudunisuendeindunuiisweeniusswiniisruudahidnheu venanimg:
nulumsdwessmiazianldlunisiusnsserggalunis anadudmungveasany Adanuly
nsdsdauiadisansavdawiiuidnuggeauiunalunisds fyainvesssuudsdygyiu

YBIIANINTD Pulse Width (PW)

Energy/ Pulse = Peakpowerx PW (2.3)
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2.6.7 AdssuIAY (Average Power)

=3 o s é‘; 1 dl 1 1 Ql: o A 1 1
Wunsfaidsenuismalugassseznamilsiotisszesnaniug wdwuiidewenlazien

as o

1 Y] = I s 2 o W = Y] &
wihiumasnuladegueleal Pulse Repetition Time (PRT) lnafdsauladsniendeauiidioan

2

vaadlusanidazannsaihlumuamszaglunisasatuthvungues lsanslaaninaniidanu

o o & a & a — A a
@n Armasuaiedazaunsoutulalaenisiindn Pulse Repetition Frequency (PRF) w3aifiy

D e W

1 Pulse Width (PW) wagmmasanugagn

AveragePower = PeakPowerx

Energy = AveragePower x PRT (2.5)

Average
4 Power

-

@
o
=
=

E
<t

Average Power = Peak Power x (PVW/PRT)
Energy = Average Power x PRT

gﬂﬁ 2.22 Peak Power and Average Power

7111+ wilsde Electronics Warfare Fundamentals by ACC TRSS

gﬂﬁ 2.23 Peak Power and Average Power
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2.7 unuauiinislde1uisns (Radar Frequency Application)

£/ ' 1 a 2/ & al @ o a S a
nndayalunisudsdnanuinisldnusaiiigndnlasanuivdniansindiuas

dudnnseilind (EEE) anunsoagUlansdl
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S [GHz) o.g .125 05 10 2 I3 4 6810 20 | 600 THz
lolEEE m;{ﬂ:.v ST LTI LT TS ; ..x‘;g - ; - FEGh
Radar

Aem] 300150 60 30 15 755 3 15 075 05 03cm 15mm lmm 0.5 pm

= a4 4 o &
JUN 2.24 unumnudedungnldenlussuuisans

U

i ; http://www.radartutorial.eu/07.waves/Waves%20and%20Fre quency%20Ranges.en.html

1. High Frequency Band (HF) ¥33a21ufin1slderu 3 - 30 MHz 1da1ulunisnsiaduly
WU357Y (Over-the-horizontal Surveillance) Lazn1sasIaumayns (Ocean Remote Sensing) 138
fiFeninsnnsanenniaznsafian (Sky Wave and Ground-wave Radar)

2. Very High Frequency Band.(VHF) 939m27udn131%e1u 30 - 300 MHz Te1ulunns
As193uvueInIAlusveylna (Very Long Range Air-surveillance) 1591405297 (Ground-
Penetrating Radar) 15015n5739a% (Wind Profiler)

3. Ultra High Frequency Band (UHF) 929a31u@n15idaqu 30-1000 MHz 14s1ulunns
ng193uvuaInalusseLlnanln (Very Long Range Air-surveillance) L3a151@a Ui an199101#

(Airborne Early-warning Radar)

4. L band v2spmnuainasidein 1:2 GHz Waulunisesiaduuusinmaluszeylng (Long
Range Air-surveiltance) tsan5lieufiani13e1na (Ailborne Early-warnine Radar) Fans793ulusses
9an 500 Alatuns

5. S band 93sANansldL 24 GHz I euluisandtaaitedau (Multi-function Radar)
\3A15IANITT1AIVNDINA (Terminal Alr Traffic Control) 15a15l441um19vm15130 (Marine Radar)

6. C band ¥23Anuin19ldeu 4-8 GHz Wmulusguvaiugunisdtenslusseznarsiedu

(Medium to Short Range Weapon Fire Control)
7. X band 929A1inasldeiu 8-12 6Hz Manlussuvtiidesiianns (Missile Guidance)

isenstasiunistaudaniiaens (Missite Deferice Radar)

8. Ku band 924A11u0n151097U 12-18 GHz T9auluszuuiinseamieanisvuns (Maritime

Navigation Radar)

2.8 danilanuuus (Ultra-wideband ; UWB)

9anilasuun (Ultra-wideband ; UWB) Wumafinnisdendundimanluiingdinnsldeu

al s L7 v = € = ny 1 nl' o E 2
wouAudnseanasulussiunanesaswnedsadluautadudiauanudlulasin sy
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dygruililunisdwaragveuiuingndvunasessudmiunsiaduingluszuuisan$ tun
d] v 1 E 2 o % d‘ =l 7 1 v
Ussgnaldlunisdeanslians ansadetoyainuiuinlaiiamindnmsldnuanudlugnnitenn
) v « B o o v oo | v aa o
dandliAuuun (Ultra-wideband: UWB) L@umﬂiu‘[aﬁwgnmmﬂ‘u \Wean1sdeloyanidns
1 ¥ 1 5 =l s 1 s 1 n‘ as 1%
nsdstayaunuardnisddluszezdau Tnsfivannslumsdedyanalutisminuaunasuuianiig
1IN AUAIFNIUATALVUNIUADNITIUNIY LU S2UU WLANs (Wireless Area Networks) hag

qﬂﬂﬁfﬁmﬁmﬁlummﬁ ISM (Industrial, Scientific and Medical Radio Band)

2.8.1 Herusnsquasdanitlanuuun
=l al %] ¥ b (3 v v 1 ] s q’l’ o o A=l a
walulagingaiusanihinuuualunisidausiiuniigeg dwiulassuiiunyiifefussuy
15915 FeilnsAnwIWRuIeg1emaLilns ilnde1uve98111 “dandlasuuus” TiRuTuvie
ﬂi =f o o 1 L
Waruwladlumunisaneuazidslundazesang

Te1ULUUAIng (Bandwidth) fianuuanaaiuatusyuunldey

= = [ = ' ¥ :J = o a
® IUWWQBLSH‘WSBUﬂﬁﬂﬁWﬁaﬂ: L‘ﬁUﬂ'ﬁﬂJLL‘F]ﬂ0‘]’]\3?8%?Wﬂﬂﬂﬂﬂﬁﬁuﬂﬁlﬂﬁﬁm’mWﬂﬂﬁ'ﬁ\'}\i’]‘u

=l
7940 3dB lun IneUanDAIINaYDINIS

L7 1 1 A
e luszuusaninliauuus (UWB System): 1uauuanm1aseninaniudvauvy (The

i al i o &
highest frequency) WagmIURYBUAN (The lowest frequency) Yoddeuaanisraula

v
(Y

o s a } 2 (2 ¢ =l md 1 =4 a 14 (3 =3
ﬂ’]"v‘l'iU‘iBUU@ﬁﬂ'i'ﬂ'JﬂLLUUﬂ uﬂ1@manumwmuaﬂmﬂ’nmﬁuaamiﬂhmmuﬁ AU

1. 9n5dUNULNINS (Fractional Bandwidth)

(fu =)

FX ETE ' (2.6)

b
IR

| i o 1 i o '
e g7 Juarmudveuuy (The highest frequency), f, Wudrraudveuans (The
lowest frequency) vosdnignaiiianaula Uag b, LdudasidmeuwmInG

2. aufinans (Center Frequency)

+
Forlt s (2.7)
2
dlo £, \JuAmnudinans
3. 9ws1d@UUUA (Band Ratio)
b, =~J—r’i~ (2.8)
/i

P ) I 1 2
Wa b, WumaasIaIuluun

PMNANMULANANIUNITANY FTBvRIwrazasAns axlndoudanslisuuus 1oy

o AonduwinAwimnslwiuazdidnvseiind (IEEE)
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sanihnuuun: Wudiunilsszuusansiaznisdeansnlduseleviiannminunitweiau

¢ & w & o o acf P < P =

asAUsznauANuddy Y IufidiAmateTesunadindlusuisganveuaudrdudululasiom Tned
ABNTIEIULUUAIAS (Fractional bandwidth)>0.20 AMNATSLUNAING > 500MHzZ

® The United States Federal Communication Commission
L 1 o -7 E 7 & 1 A a d - 1 -] 1 L3
i%UU‘SU-E’NE‘IEUuiy,']mE)aG]T]hﬂLLUUF‘i: ﬂ‘Tiﬂ']EW]'e]ﬂﬂﬁUﬁf}J)fQ?fUWL'Jﬁ'ﬂ,ﬂ’] UAIBDAITIAIULUUR

M5 (Fractional bandwidth) snnninusewiniu 0.20 wiesluuuming (UWB Bandwidth) 1nnninvse

WINAY 500MHz 19 laendefeandnsndiunuuning
° v o fa € w v ¢ ¢ . o ) ¢ ¥ -
dvsufisnuvesuuuainssanithnwuus (UWB Bandwidth) d1SUssAnsi Aa wauadud

o P dada o o ¢ o e I o ¢
ﬂ']ViU@‘UE‘]UV]ﬂ’l’]l]ﬂmllﬂqaﬂiuaﬁﬂﬂ53ﬂQU‘UQQaEy}ﬁp}qmﬁFﬂiﬂ']ﬂ'g']ﬂqﬂjﬁ\i\j’]ﬂluaﬁﬂﬂigﬂausﬂaq

feytyauaaan 10d8B

® European Parliament
fimsnanlumideonsligunsaliilémaluladsanialaiuuud Iinanfaniladuuudlii

= o ) J &l LRy a as | = aa
Duwallladdmiumsdomsszorduniendosiunsndniaznisiu-dedyanaluduauiinglag

= v a A fa _« '
HUAMUNINNVBIUDUATIUAVIDLUUAIATUINAIT SOMHZ

dy YVl Y o /s = 1 b2 4 o = 1

'L!’e]ﬂﬁ)’]ﬂ'lﬂﬂll“ﬂ@ﬁ'z:ﬂﬁ']%‘i‘iUﬂ’]'ﬁW"ﬂ'ﬁm"I“U?ﬂﬂ?'mﬂ')'NLLﬂUﬂT]IJﬂ‘UE)\? wfy'mﬂﬂﬂﬂ'l‘iWﬂ'ﬁﬂﬂﬂ’l

(% 1 £ [ A A I as 1 i o < -4
DRTIFIUNUUAINT (Fractional Bandwidth) Lazaiensidiuuus (Band Ratio) sam151991 2.1 o

d 1 - 1 | L3 at
M990 2.1 AlunITATIs TR LR ULAY B I (U0

1UDINUUA NG DMTIAIUULVUAING ABRSIEIULULG (Band ratio)
(Fractional bandwidth)
Narrowband (NB) 0.00< 5, <0.01 1.00< 5, <1.01
Wideband (WB) 0.08F 554 0.25 101=5b,. =129
Ultra wideband (UWB) 0.25<45,<1.50 1.29< b, <7.00

2.8.2 NMIFeuiisunuY9nuiuaY
WewIvuiisuadulutisauidanitlanuuudfulugae Narowband Radio Frequency

(RF), Spread Spectrum Technologies (SS) wiu Bluetooth tHufu aviulainlugepudsanialag
LLuuﬁ%ﬁﬁmanJﬂmi"um'mﬁLﬂam‘aﬁd‘ﬂ’auvaﬁﬂiwmn liansndsdeyalaunnitmaluladuuy

T “
auluramilee
hAuuuAlaevia891 Federal Communication Commission (FCC)

Jenadeafuiieeania
1 1 1 dlﬂ‘d o s OI U o o/ i:(' H Eé i 24 = 1 ‘4
ﬂawyw'fJummmmmmaamumwnmmamuqaqwmmﬁnmq 10 dB F93azAeiigaaminun

(bandwidth; F.—F) 4 daus 500MHz Zuly
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mmamﬁulﬁmngﬂﬁ 2.25 Hrapuitunisldan (Bandwidth) fauianiraunnuasuannin
Fremslfauanuiuau ludeshdsnuesinasldidanudiniagaewmanud 1sM fs 1000 wi se
MHz 2w Sazvinliien Signal-to-Noise Ratio (SNR) fenifeaas nuneiannsldmdinutionas
LWﬁﬂsazﬁgﬂunﬁe{aé{’ﬂgmﬂmﬁaﬁmﬁazqﬂ’[ué'am%'ﬂhﬁuuuﬁ arldmdsudosun wenaniles
ANNTOAAHAINNTAANDUTEYIINTTAA QI8 (Multipath Fading)

usnaniulundueudsanslduuudidianuieniludemsesnuuussuueiaung
enfegvluszuuy (Receiver) faiuansliifuluzuil 2.26 agulddssuuiudygnlunduanud

sanibuuualidnludesdidiy Intermediate Frequency 1au Local Oscillator ({usiu

Energy Output
@

Frequency Range

Uil 225 nswSauifibusearinedtyane: Narrowband (NB), Spread Spectrum (5S) uat
Ultra-wideband (UWB)

figin: Chapter 66 FPGA Implementation of PPM I-UWB Baseband Transceiver
oy K.S. Mohammed

RF Nuarrowband Receiver
| Analog Front End [~ Intermiliste 4>| ADC I—>| Baseband
Frequency
RF Ultra-wideband Receiver

| Analog Front End == ADC H Baseband l

o/ ot

31Jﬁ 2.26 MsiUSEuMBUsTUUNISURY Y U Narrowband way UWB
s Chapter 66 FPGA Implementation of PPM I-UWB Baseband Transceiver
a8 K.S. Mohammed
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ot

2.8.3 Yantunsigauniuanufdiedandladiuug

(%

U ﬂJ 1 dl
nnpuauTRvesniulurnauddanslhidwuudding Wunaliideflunisuiunldau

anansoasula fadl
1. dpnudugeulunisltdanuiies vl ldaetosas

MnsTsumivesndvlutannuisandladuuus anunenvestiseuanisldaunie
WUUAIASAnA1aLn drulugiTegnléiiunmerinau (Carrier Frequency) ﬁqaquﬁLsﬁﬁanMWin
avlaBs¥UU Up-convertor Tusguuds (Transmitter) wuldedfuiuluseuusu (Receiver) @115
asLa857UU Down-convertor laldulienfutunue g Local Oscillator, Complex Delay uag
Phase Tracking loops aunsnanmududousssssuvwaaldivadls

2. Tanvazdygo AR unIuRoN1ITUNUAYNIN

2/
a

P [l 2/ A 5 & | e 1 1% Il
L‘LJ@\W']ﬂ“?n\‘iﬂ'l‘ﬂ‘ﬂ\ﬁuﬂﬁ"lmﬂ‘lﬁi@LLUU@'Jﬂﬁ.LUﬂ'I'EﬁJﬂEUmﬁmuuﬂ%’]ﬂﬁ’lﬂ dawalvildaanng

<

alaa

dl 1 = o 1 3 A
anwilumsdsdeyafimuvainmaeuagilsiuiumn saueediinsdedyanandudiliseies
o ] 1= (Y] o o
ahliliamidullldlunisgnasiaduniegnunsnivedyaudosas g funisiiluldaunig
NINg

o

3. idnwurdygiuefiedudyyinsuniy (Noise-like) Tulamuvesiardeyasziiaiiy

L7 7]

al v a = P a a
aElaym a']i.l']55]1‘”\17141Uﬂq5mﬂ(ﬂ']Mﬁ'ﬁ@ﬁxu\aﬂWumwaﬂaﬁ‘lﬂﬂ\jﬁuq

- @ A Lo & i [ =1 as
asnnismaiuituiuginedudin emnlulawuvesas ludasnistdnulududygiu

s 1} ﬂilﬂi’ ot = dz s ot .
Wadlugrumudll dyganssiivunaidusnnauadisfiudyninsuniu (Noise)

2.8.4 Ussimvasdanluanuddaniladuuud

fyaaitldnuluguniunuisandlasuuudil amssautseondu 2 vie Tnaq munns
WA A Buad (Impulse UWB; IFUWB) uay. Yaiualsy (Multicarrier; MC-UWB)
1. duiaddanibeluun (Impulse UWB; I-UWB)
° 5uﬁafﬂ,m§u§m (Impulse radio UWB)

szuuAiuAuatsanihidlvuadnugusnannisaiuaudingduiad (mpulse

3

s @

Radio) S4nAnvuInwaduunndy mmmnmaﬂ"luwaﬂwawaiaawiﬂauww (Pico-second) &gyeyreuniad
wiargnilmudawnasuiinieannuadldmdselunisdatos

n1380a15lay Time-modulated Ultra wideband (TM-UWB) fifiug ﬂuagﬁuumiﬂéaﬂﬂﬁ'u
Waduuuind@iBsurundu (Gaussian Pulse) wuulildeiios (Discontinuous) WieduanawaduudY
n3alululyifa (Monocycle) ﬁaﬁﬂsmg’tugﬂﬁ 2.28 umidgyruWadudazgnazaiuisaunn
paAUsENDUMIAILA LS Fauanslugui 2.29 ?e'}cﬂumidaL‘ﬁuﬁlﬂﬁi’%ﬂuﬁaaﬂmwa@LamﬁUﬂﬁuwwwz

\esnndyguiadezaenealaftuginnuiivg
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® Fast Stepped Frequency Chirps
] o a < s 1 4 & sal I a [Y] ¢ g v
Wuwmeadalunisudnadudanihduuunndulugldlunisndndyyialuszuusansnld

as a o« ’ N = a W | &
e udNWad (Impulse Radar Application) daudululalunisudndugyinds vuiawaunud

19 = e a fa & !
nhlagaseungquieteeadiamesluszuuddygin ululawumud sunvesuudinsenadenld

A

£ ad 6 S | Ay vao &
DwaneseamnzlEing (MHz) waganunsadawnnniddminldisd

AI9E19%U J¥UU Ground Penetrating Radar (GPR) Hvunauwuusing 50-1200MHz
=t S =l oo v 3 ar o W i g ] L
Feszuviliitugnannamelulagdanithiduuud wmzauiunsesiaduiagmnesieg dadu 14

o wa 1 = =1 1 =) = = ] -1‘ =l e
Tulfiinstretielummiiosnduniofiniuaan Wesnniinnaudfinisnzaieg

JUTN 2.27 dnwnirgnaduuuuduiad UWB wuuiily

fin: Chapter 66 FPGA Implementation of PPM |-UWB Baseband Transceiver
a8 K.S. Mohammed

2. faRuAse (Multi-carrier; MC-UWB)
o & 1 = . " i ' Y 1
Tuniiagnaifis Multi-carrier wuu Spread Spectrum Schemes asilssuvgagvianay 3

[
=t

vuv Faeznaasely Tunssurunmsmsdygiudmsvluuuuiafuaielaonisdenldastuegiv
TofivasusaziSuavauauiRveinisinesrusznounsruivesdyaailinnuiazivaie

o

sruuliafuaseidneinsmilingosvisenandyyinvienisiuas Digital Fast Fourier (FFT)

Wednnsesrusznavdygralugiuanudnsldam
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i UWB theory and applications 1at |.Oppermann , M. Ha'ma" (a" inen , J. linatti

antniun Wiley
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3Uit 2.29 WadinddeulululuAalulamueniad
i1 UWB theory and applications 1ot 1.Oppermann , M. Ha'ma" la" inen , J. linatti
® Multi-carrier COMA
mn‘uﬁanlﬂasLLﬂ'amaﬁzwﬁquﬁ 2.30 %’aa&aﬁwgnﬂismaaﬂuuﬁiasmmﬁ Sub-carriers (f)
Julsiay Pseudo Random (PR) Code (C) msn'ﬁxm%aaaLﬂﬂm%'ngﬂLLaquTmmummﬁ d7u

ey UIUIENAUVUNTINAUBNASINS2UUSU 9nnsldTnnovaues (g) veslAnnisnszany (C) Tu
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@mauﬁﬁﬂuamﬁlué’am%’wlqﬁLLuuﬁﬂ%"'uwmxﬁmsﬁmma@Lamé’aaasﬁaaﬁnmulﬁﬁﬂmLmuﬁ"‘afﬂﬁ
500MHz Tl
® Multi-carrier DS-CDMA
nufenlaezunsudaguit 231 uanemisinuresseuy wadindesinsundnszaedeyaly
Tawunamdiniinisuvastoyauuy Serial-to-Parallel Conversion deszuudosinauléfigng

WuuAIng 500 MHz Ul FwseiunaautRdaniliiuuud

cos(2nfst) g¢

c lcos(2nr1t}

2£ LCOS( 1'(2)

S S @—-w :
Co & cos(2xf,t) cos(zm ! g,

g = '
R - LPF

SN XN\RAR S 0]
fy f 5, f

= @ <
JUN 2.30 uGenlapzunsuuaranmsumenuiuesszuy MC-COMA

iy UWB theory and applications Iat 1.Oppermann ; M. Ha"ma’la‘inen ,J. linatti

c) cos(2nfst) C)
| cos(2nf)
@

-ﬂ.—’
Parallel
to _ —

serial
converter

cos(2nf 1) C(t)

CL{ 1 cos(2nf,t)
O Q——+

parallel
converter

cl:

N gg é cos(2ni 1)

guﬁ 2:31 ufienlpezunsuuaralnnsimanmivessuy MC-DS COMA
s UWB theory and applications a# I. Oppermann

M. Ha"ma"la"inen , J. linatti

Ci cos(2nt,t)

J } { cos(2nlit) Rake
‘*C'® ~® . Combiner 1 o
. ; aralle
Serial 2 gos(ental) } cos(2nfst)
1 Rake to
i —E E [+ Combiner 2 || serial
pafa“el & : " ombiner seria
converter | “n, d | CoS(ZTh | cos(2r ) s converter
— B | combinern
4:... e

fy faf, f
ﬂﬁ 2.32 ‘Uai)ﬂlﬂ'ﬂ“LLﬂﬁllLLauﬁLUﬂG]'iM‘V]Nﬂ’NJJﬂ‘UEN‘?”UU MT CDMA

‘ﬁlmz UWB theory and applications Tne I, Oppermann , M. Ha'ma“la‘inen , J. linatti
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® Multi tone (MT) CDMA

@ ~ . v fa
ﬂqﬂUgaﬂlﬂazlLﬂﬁﬁJﬂQEUW 2.32 LAR9I8UU Multi-tone CDMA ﬂ']r]llﬂ']']\‘l‘Uﬂ\jLLUUﬂ?ﬁlﬁlu

& oo

< 1 P I P & A . = v ! & o
SEUUHEHVWIAENNTI TEUUAUNNEINT 1BIINWUNURS Sub-carrier fvuintdes uwasyuuial
9 o va v oa o w 7 ¢ & a o i o a W
dygrundauaudilnaimssivdanithinuuudlugauafiuiniagn sdelsiniuazildnsi Self-
2 o | v @ .
interference gavgn Wesannsviuteussaiunaiy (Overlapping Spectra)

=l = ﬂ‘j 5 B dy 1 & el s 1 i

waluladniswanaduuuy Multi-carier fagldlunisdedayaniidnsnisdege iy lussuy
WLAN s2uU Digital Audio or Video Broadcasting (DAB uag DVB) wag lusyuu Asymmetric Digital
Subscriber Line (ADSL)

Tevosmsudnadudanirlhiduuudsienislduuy Multi-carrer fie das1doyaluusdas Sub-

. - v | . . < i a a o 1 ' ] e
carrier fiaendnlu Single Carrier w3aaaunImeAUdiAeL Tad1udrenirlunisdunsieinis
wsnszaeluszuusy
A ad

Toldvvossrutife WiuamumaINaIasTUUSUNTEITunauNNTY LU nsHaNdyayI

(Mixing Stage) YluiivunauunTy

2.8.5 wWuIARIRUSAITIANTIkIALULA (Concept of UWB Radar)
luiseswanirlaanvudanuisaasurslusyuuisansiain Wudyyuniyrawuudindves
as e v = = [ 1 & o <l
Fygyrauildanuna Fdyuiadudiudiaoudiwinvasaaiuinais (Center Frequency) Usesnm
20-25% lagauinninvesiuuninsdimiudyindazliariuasiduniinnisasnadvainuas
ANaIsalunIsuanwassndunin ssuusasuuusanliniuusaursalddynialunans

swuulumsuianns savisdyaaduiad (Impulses) fyaraawiadnuuug (Random Noise

ar L3

Signal) dysyraudrsiudunensianiiud (Step Frequency Coding) dygruWadnonsiasynsy
(Pulse- Sequence Coding) LN@ULIAAIINNIIITOUUUAING LUATT T

wiadaudinsssyrrmududynrdassalaniuud (UWB Labelingluyuuesuassyuuisnns

a A v

deagipanenueziudusunsnldldrriun Iaumemavesuuding mnuaduruiavesndudoyanin

]
= =l

niA881dUNIN (Ultrashort) Uagssylai1vuinaanenaniulA1iosnnauinnaue12ues

Wamneaulugyineenisnsiadu

2.9 Msuagadulinadedyaio

lusguusmswuusaniilisuuun (UWB Radar) msdnynadaiian1snsiaduazseaivuin

]
= 1

AINEIAAULDENINVUIAVBUTIMUNETNALVINITATITU TeavdmanondunIudlunisasIdu

= '3

Whvnewsiarviedeswnniy Tesludyausanithruuudasiiosdusenouneanadidusinunn

'
= o

wen1saTulmane@iguantidnwuz Auanaeiy Weviinisdedygyrineenly asinns
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wnsnsyedygunivatsanudosnlumevitnmsasiaduitmuny nasndudyyininduidiun

L o A 1 1 o d
Tuszuuiv sslunasuvesdygramiimsundnszneenly sgslidaiiladlumanan

I 1 o v ¢ A o ] s ar
Tunsdedyarnagdesiunisusguaduiuuied wormuadisnainissu-dedygyinves

@

SEUULTANS
n1suegLaduLuuWad (Pulse Modulation; PM) Tuszuudfdanisvaasansazldnig

ar ]

vogadunvuiliiundn dndnnishe msthdygiunme (Carrier Signal) lusuudymdas

o I

. 2 < v s a < a =
(Modulating Signal) Lwalwafgf,ymwwaﬁLﬂmmiLﬂaﬂuuﬂaqmmumLLauwagmmaaammm‘U'nmim

L7

s

Judtygraiad (Rectangular Pulse) TﬂawaﬁlﬁmﬂmimaﬂLaﬁbuuwﬁ%lﬁﬁ’n‘;zymﬁﬁﬂmm5whﬁ"u
Fygrammsuswenndgavesdyyuaziivunudsulunmudyaintnias sadnsildoonuied
nawilouaindUa-Unnsinuresssuuiu-dedngiafwiveuuioulfaioussuuiineaaiunsa
wunuegdayalad Feimadnsaseiilumuanmszey s vostwmeiddsinisasaduldeda

Ll

Rectanguiar Pulse Modula'ted
Pulse Waveform

31Jﬁ 2,33 Pulse Modulation
7l s wilede Electronics Warfare Fundamentals by ACC TRSS

2.10 Field Programmable Logic Array (FPGA)

. aa 4 =

Field Programmable Gate Array (FPGA) Wu99557un9Aaneafian L solUsLNSHI99WS
Wandunisvitnuadluneluddnlies murgdmsun1999ALUUNASHAZ NS 0D NLUUTNAULUUVDY
NWITNAINDA ﬁﬂﬁzﬁw%mwmsﬁwmuazﬁﬂ‘%mmmmwmLtﬁuwaqmmqq A11150EAMUATIATY
msﬁwmlﬁmmﬁaqmwaasﬁﬂmﬂmumﬂﬂ'ﬂmsu Lﬂu%wﬁﬁau'}ma%‘uuwﬂwjagjma’luﬁm

° v i v = v o & = |
annsahwnlduazeanuuuisasinglinmiisdeants laedlusunsudnsaguinldlunseenuuved

Y o I

Wi fAange

an1lnenssuves FPGA azilidnvauziiunisiewesaninuéien (Logic Block) wadeusauly
meufiennisifieusauss /O Interface Block n5ifieusasewing CLB (Configuration Logic Block)
way 10B (Input Output Block) HNUTBINTINIAKIUTENIIUAT (Row) kazmaautl (Column) LCA
(Logic Cell Array) 9zvineuladegly Program-driven Logic Device wH1Mvasd@anaiiluaynng

- ] s ] a s . =4
\aurenelu (Interconnection) gniwualilulusunsunsufingisdu (Configuration Program) w3e
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vl Sludwson (EPROM) nellunaadie (LCA : Logic Cell Array) Tusunsuazgnivanidiguonadie iile

fin1s97el (Power-up) Tnemefda (Command)

d s 1 € s = o i
EUVI 2.34 AIRYINUBTANRIUT FPGA 91nU5en Xilinx

i ; http://www.easyfpga.com/

finmseanuuulasliarenluniseduion1svineueesiaas wie HOL (Hardware Description
-1 d A o d ad o al - i o ¥ v < 1o o %
Language) Wuiasasileluniseanuuudniuisnisndmiubangues Flasias wazlddniu doq
= a:J 1 a] 1 o ] 1 o s ] v o 5
NTUNEN UL VBNINNTNRBINIT I TpuRaiuagsls Baunfmuadnwaurnsviulsiu anu
o 4 ° = . /) viY & e v o = )
fwensduIiagyin Synthesis and Optimize Mivianan wenandn i ilddaduunsgiu weoaiu

asalglanuanunduasyausem

\ ~
E_’_I II" o) N[ ddddadagagadadaad 1
il e it b
LEtE N
T 44
| E/gatf 57 o 25 s iy T \\;
Programmable |0IF 3F LF TF IF IF IF IF%
Interconnect |i.3F IF TF TF TF 3F 7F 355 | WO Blocks (I0Bs)
. bt it LEA P Sy 37
] TR IF IF IF IF IF IF IF D
4 ' /‘}fwawwwwww b

U,

Configurable
Logic Blocks (CLBs)
sUT 2.35 Tassadrenelu FPGA

i - http://teacher.en.rmutt.ac.th/ktw/Resources/FPGA/fpga_design_manuals.pdf
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2.11 anw1 HDL (Hardware Description Language)

A9 HDL (Hardware Description Language) Wuisn1sesnuuuansauisndneaneisnis
NYONILIS VBRYBINITEBNWUUSZUUME HDL Ao S2e2aIn1500nluvaual a1u1sns1aaenis

v L4

o ° v o | %) 3 ¢ a E2a] = v
NINIU ﬂﬂﬁ@Uﬂ'ﬁVI']\ﬂU‘lﬁQﬂﬁE]Qﬂ?]‘l«lﬂ']'ﬁﬂ'ﬁ']\?UUﬂ'ﬁﬂLL'JT‘i]iﬁ a']i.l'ﬁﬂLLm:‘ﬂ‘l"iﬂﬂm@ﬁlﬂﬂﬂum%ﬂaiqﬂ

L
&

19ITVUBITAITIIANG A8 HDL axUsznavludmuniwieas 2 A1) fadl
1. VHSIC Hardware Description Language (VHDL)

£

Wunwilusunsusediugs (High Level Language) Alddmiunisaenuuuersauwasluszuy
fdmea anunsousserenginssunsienlusuvesdidudy (Hierarchy) waganusaideuldwans
sUuvy semaddsilini vHOL \uedesieiideanuuuiusdunouuvaaienuiniudniios
witlymadlutazdusuisfuseimeinsadnnesaswasmmuiidalonaliliiauuassasns
nwresgUuuuilndunifihnursnisathsislaedlddeidnmvandoaioiulasain
2995934 uenanELuVHOL Sudunterfiedvayudnsmeingmasssuvaneadiiniududouls
Havye

FiunnsussnIw VHDL Busuuszinad a.a. 1981 danssvssnaninuanizeuinivie
DoD (Department of Defense) IgnegnauusudssaUnsaididnniaiinduazaaniunesildlufanis
s T aiuadsanndulssnouiumeluladmaslilastidnnse dndinsimunluedis
saainsaziule mﬂmsﬁna%ﬁ%maawmm&a‘smﬁwmsmﬁmagjUuLLﬁufﬁﬁnauﬁﬁﬁuﬁLﬁm 1-2
msauRmasniy Dunalivseavsamlunsinumenmsgtunasnaupuidetieluns
YNIULAEAIRAIIUAR AN TNIIAT DN

2. Verilog (Verilog HDL)

Wumedaiuadodmiuniseanuuuisasnineawarseuumsuimes Idnvueadie
1w C nvhensaluetnwesntw Pascal au1salunaszuuianealdvalgseduainsesu
i sruuATneafiduderilaudsedupeuiiumesuuins mskaikamsEinnw C fuheinsed
UNP29NW Pascal Lisheiuviilnaiwn Verilog 5&1&&1'%'155&1145 viNl# Verilog HDL 1asuminuiioy

- vg a o . . . - =
WINNgAlueN1TEAAIMNTIY @I0UTIEIElANasBadnny (Combinational Circuit) waz995id4

v

o W @ e

a19u (Sequential Circuit) :n:uﬁaqﬂﬂiﬂiLﬁumma‘hﬁﬁﬂmuﬁ"’aﬁszﬂuammcu (Level-sensitive) way
flvoudnyny i (Edge-triggered) Verilog @anu15aussensauduiugsenindhennsalvesnnwifu
g13auasId N enwlag 1 daiay

lun1seanuuuisziiouisniseanuuull 2 FudnAe n1seonLULUYAYEY (Top-down
Design) La¥n1soaNLUUAI9TUUY (Bottom-up Design) Tnglun1wn VHDL 2ldnseenuuuluiun

a8 d@uluniw Verilog aansaldlans 2 35
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N130BNKUUINULATEN UFanduuugn (Top-level Block) azgnasniuunew a1ntiu
viensuandnawniargnosnuuy {?‘umauﬁgnm‘sﬁnsg'i%un’jmﬂszﬁﬂﬂﬂsaa’%’wgnaaﬂwuwmm
ufenanegn (Bottom-level Block) Wuduiliannsaudsdeslidnuds

fHunTeeNUULIINAISTULY udensuasazgnesniuuiey niuuenduuuiatulds

ILYNOBNLUY wazgnnsyyinduniagisudendiuuugn

Top-level block

/
Second-level Second-level Second-level
block block block
Bottom-level Bottom-level Bottom-level Bottom-level Bottom-level Bottom-level
block: leaf block: leaf block: leaf block: leaf block: leaf block: leaf

d o = o s 3 1
E‘U‘VI 2.36  WHUHNIUNGIAUIUTBINITODNLUUIINUURIAS

iy: http://electric2.ee psu.ac.th/~nattha/slides/Slides 210-532/Verilog_thai.pdf

Top-level block

e A‘“‘—-—.‘_
_____/ T
" T \\‘\___

sty
Second-level Second-level Second-level
block block block
Bottom-level Bottom-level Bottom-level Bottom-level ‘Bottom-level Bottom-level
block: leaf block: leaf block: leaf block: leaf block: leaf block: leaf

SU 2,37 WHUALTIEIAUTUIDNITOBNLUYINNANT YUY

s http://electric2.ee.psu.ac.th/~nattha/slides/Slides_210-532/Verilog_thai.pdf

2.12 TUsun3su ISE Design Suite

[Tt

DESIGN SUITE

sU 2.38 dudnwaluseantusunsy

U o

fin; https://upload.wikimedia.org/wikipedia/en/0/0a/XilinxISE_DS_Logo.jpg
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TUsunsu Xilinx ISE (Integrated Synthesis Environment) ugensiuasindnlaeusem Xilinx
= v oa ¢ Y a < o ¢
Inc. Fadufudnuesaimuilusunsu FPGA sielngluanizewsnt eldluniseenuuuuasdunigs

< o v 2 i . =
e lUldausien 1wl Hardware Description Language (HDL) #1u150UARINANNTIATIE

=b =a

o A & " - 5 Q [
M998tV UVD92995T08nIUY (Timing Analysis) Tau91991aRsHaN 59 UveslUTUNTY

ponuuun (Simulation)

Dou® X xXoo| s rrEp @@ wNATe selrE e @ eae B gy
) PR S S s e
L Veew: @ B rptementation @ Smmteton b _Child
&l | Hietarchy |
Wl ® ucrren | =
. O %cO536x1-10VQ44
-l ',; [(RLXE_ 30— Cidain Cnidout [ WCXH 18
= e R ———{ Chiatinatie
- 5 Child §
o
|~
(=]
1 —{Cnida s O RO TP
P | 22 1o Processes Runming A P——fCnia, ChaaOuw -Luu.‘
C| Processes: Parent o R i Child
¥  Design usilities 1
B2 Create Schemestic Symoo! i >
[8)_Vhew Commana fi : i
S ¢ s R T coln,  lesssom |— (RO
/ £l (CRLEN B> Chisn il
1a
hd SO TN, Y N : .
B el cUod oo O )t vsevepcnieiisear sch © |
~oax
schahdl. .
Line: sch2hdl -bateh E:vXilinx/Projects/UcfTast/ach2ndlBarchrile
14.4 - schihdl p.49d (ntéd)
Copyright (c) 31995-200F Xilinx, Inc: All riaghts peserved
§ Console | Brrers [N Warge [0 Ford m Pokes mmilim |~ )| oy A B
11384,920]

= ) 1 &) ae waw F .
Jun 2.39 mogrmtaslusunsunda sl ISE Design Suite

fiy; https://en.wikipedia.org/wiki/Xilinx ISE#/media/File:XilinxISE_Webpack 14.png

Tusunsuilgnasnuuuniiioldnutusdndusiuesniauilusunsu FPGA vasu3dndilu
Wvewdndnsiviniy LfiawmgnaanLLUU;J']’I%’MWTUEULLUUWwamﬁmaﬂﬁmm%w’luwﬁmﬁmﬁ‘um
U39 Xilinx sy uenvanilusunsudeiiNeidunsldnusug fie Embedded Development
Kit (EDK), Software Development Kit (SDK)  wag Chip Scope Pro Analyzer

Wsunsuazdllvidenldlivanaguuu leiun

1. Subscription Edition Wulusunsuinguuuudazaesiilusyann (license) :1nn1euiev
Jevgldauld dlusunsuanuasaailnanlalaslidoudsarlddoanduleduesusom azuus
panu 2 WUU Ae Embedded Edition way System Edition

2. Web Pack Edition LfJuI‘tJimeﬁ%gﬂﬁnﬁmm‘s‘l‘fj’muLﬁanwsﬁqmswﬁ'awimmwamﬁmﬁﬁ
ey Tngdumnudn Susivesadidan 1/0 Pin ai’wu'mmnﬂzgﬂﬁwﬁ’mlm"lﬂ%’miuaémwﬁmﬁm%ﬁswm

LN LU ATENA Spartan AraygIAlwiINsduATIziasaelUle

2.13 UasANMUI FPGA Spartan 6

TunisAnwmaasdulasenuil Wundndunanusen Xilinx Inc. WWuuesawmulaen1sidisuy
lUsunsu FPGA Spartan 6 Ju SP 601
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vosaimulaensileulusunsy FPGA Spartan 6 SP601 Lasyagunsal sanLUULLNENS
ﬁ@ummiaammmzuu%’uﬁuim wagdniseenuuuiiienisiiridludrunuandAiugiungeg 7
oanbuvnleineTy 1wy Integrated Memory Interface core #slugagunsaijuil azumfeudu
Industry-standard FMC (FPGA Mezzanine Card) Connector @5usiulusuinn 1oy n15eentuy
wewndladuiiienisldnuangnuagnenisén

fnnuaifiiu annsoagulds

® Hardware, design tools, IP, and pre-verified reference designs

® Expand I/O with the FPGA Mezzanine Card (FMC) interface and Digilent 2x6
Header

® Contains 128MB-of DDR2 Component Memory and 8Kb [IC EEPROM

® Develop networking applications with 10-100-1000 Mbps Ethernet PHY

® 4x |LEDs for display

® User control with 4 push buttons and 4 DIP Switches

5Uf 2.40 vaiaan Spartan 6

U

fian: http://www2.hdl.co.jp/en/images/stories/tecinfo/DIFF_TERM/SP601.jpg
2.14 UaiAWMU FPGA Virtex 6

TumsAnwmaaedlulassend (Jundadfsiannudm Xiink Inc. Wuvesaiaunlnensidou
TUsunsa FPGA Virtex 6 34 ML605

uasawaun Virtex 6 ML605 wipugagunsaiiugiu indesiloniseanuuy lefi(P) uas
ﬁaaahamiaaﬂLLU‘ussUUﬁﬁaqn'ﬁmmmmmqa nsieusouuUayNTy (Serial Connectivity)

FIUDIMUIEAIUIIBULMBSINELEA1UD (Advanced Memory Interfacing) Teludiudiag1anis
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PBNLUYTZUUNIABINITAINANLNTgINaE FPGA Mezzanine Connectors (FMC) Tusgsuunmsgud

s ;23 ] 73 A & 73
TdlugmamnssuannsauSuainauazldausuiuasluiniinla

Ul 2.41 uaieiaun Virtex 6

fa: http://brandonkylehamitton.com/building-a-soc-with-migen/cennecting-board.html

Qs

fanaudfwiu awnsoasylama
® Hardware, designtools, IP, and pre-verified reference designs

® Epabling serial connectivity with PCle Gen2x4, Gen1x8, 1 SFP, 1 SMA Pair, and
UART

® Supports embedded processing with MicroBlaze, soft 32bit RISC
®  10/100/1000 Tri-Speed Ethemet (RJ-45)
® DDR3 SO-DIMM (512 MB)

® Expand I/O with the FPGA Mezzanine Card (FMC) interface

s

2.15 nanNSHANGIUWAAAIE35 Delay Line-based Pulse Generator

Mo ldnsussuusmiseddduanantadlunisdiunsinueassuy
Lﬁaa'qaaﬂqj%uUﬁiaWﬂﬂﬂiunwsmaﬁuL‘ﬂ'mma fehdluhdeiiasnaniinisnandyaraiadaeis
Delay Line-based Pulse Generator ?54Lﬂuﬂﬂwﬁmﬁmfymwuﬁ%maa

nouduluaniilnenssuvesszuudidyaauuuiineaiisvussnoulufediundn 3 du e
d7UAIUANNITHINUYBITEUY (System Controller) daunagiaines (Modulator) uazdrunin
foyeyrouiiad (Pulse Generator) anunsaeSunaifuununmlansguil 2.42

N3U 2.42 a5urgldindrunIUANNITIIILTBISEUY (System Controller) vsidudau
fuasmsiivesinuaumahauludniuquessuvddygasoue luduneguainesazgn

Arulimupuszeyrisveananlunsuegiaiuusayasy (Pulse Duration) Wufo nsaruAuAIdlY
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nsasdfyuiad (Pulse Repetition Frequency ; PRF) TnaniseAinisaivauaiuiasiuiiuaing
azidenlun1insraduidinuie (Detecting Resolution) uagdnsinisluaidrvesdoyaluszuusu

as v s'llu = o < - ¢
Frygranig wanandgamnsiiimesniimuan1uiinans (Center Frequency) WaswuUAIAS

& L L d = g i = as s € b2
(Bandwidth) vasdayeaiadnudntuludrunindygiuiad (Pulse Generator) s

drunegiamed (Modulator) ¥9agyinnisuegiadudyyinuuy Pulse Position Modulation

as

] 2 & dl v a s
(PPM) agvinn1snsedulnedgyqyiuvouan (Triggering Edge) ifalidrunfindygia (Pulse

<

v &

o = A =!' o 1/ s g A !
Generator) MINIHARAFEUINETaNUN m%mmuaamﬂamnuatyﬁymmuﬂumm]’mmumuau

[T

n1svInuveesruLlnazulsduanalulsazaiu (PRF Period) ponurneangey (Time Slot) wLag

L]

o - /s ld o 1 A 1 yéj
mmiwamaﬁymgm‘uaumLwamzﬁumimmummwLammLml’au

9

a @ @

| ¢ a o VR o
drunandauuwad (Pulse Generator) 3gNaa Y YN WAANLAIIUDNAY (Center

12
s

Frequency) fluuuuding (Bandwidth) mufissanuunliludaumuaunisinanuvesszuulngly
ai’au"f':%w’faw5mﬁ@m1fuﬁ&1éﬁmmﬁ%zﬁﬁn Sauiisrgan Wersihdygadluiunssuiunis
solulunisldau

Fnsudanadiduiiiesivszney fie daufadlen (Detay Line) d2u Mask Register wagdiu
Edige Combiner 9NN MU 243 Way 2,44 ansnanesunglédn dau Delay Line ausznauly
#t Delay Cell avum n stage §1 3eenu1sanandyann Delay Miuweuinduldanun n stage
deysyad Lﬁ@lﬁ%’ué’i’mﬂmﬂmnwﬁ'uu’m'mﬁi’muaﬂl,amaé nelu Delay Cell 1unisaatuuuuaLILYD
Tri-state Buffer wavalgl n width &2 luapruglaiinnuioainnues Tri-state Buffer usazfiazilu
High- impedance Wun1suiuiian Delay vosdynins delay ﬁaﬁuwmu@msazmwmé‘ﬁymm
Delay #u@na0n Delay Cell foumiidsnasteudaynias CTRLL n width- 1:0] 484 Tri-state Buffer
ﬂ'1a'lus‘z’famuQuamuzmsﬁ'mu"uaqﬁu TwddIuIu Tri-state Buffer YianudiuauuInuiatios 61

Punglvszazvinesdynn Delay Ananain Delay Cell fA1dpe Hidmnulosaziiamnn

Pulse

DATA—'* Modulator a a ———

(e.g. PPM) Generator

Modulation

Control

System

CLK

Controller

Center Freq. control

JUN 2.42 wunmanUngnssuressruvddugiauuuiines
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PNtulsladygy aveuny Delay andumau Delay Line kd2agiiunludiu Mask Register

o @

HIUNTEUIUNTTMI9ARIN Waun (AND) U Masking Bits Fad1urudndvasduazaruquituiugn

A s a (-:J = v o 1 1 g LY
Paudy uiadNnEnlagegn waninludiu XORs Tree (3unin Edge Combiner flunsihdndves

s o

s i/ o - € o & o A s L ﬂl = v as
dyaramnnuiualadiuinduadns sududmiugnedudyyiuiadnazndalalunislaiu

o @

o v 1 1 ::: dl o l:]
dyarunsziuandiuneganeiudavaia laeliaudvesdygyin (PRF) AUDNA9199995UAY

L] q

fa & o v = o va v v <
wuuAInsvensasIuAMvuAll IngUR 2.45 Wunisiaudasaindfnsulaenislinisiaeuiaves
o a . o & =% o w Ay v o
dtyeyIeuuinT (Clock Signal) U 90, 180 waz 270 99r1 wasantulshdygrailsainnisideu

wiauidaedninaendagiveas (XOR) udrdslaeenududyaiuiad

Delay/Stage
Delay Cell A~

e e

f _CTRL[N,.i-1:0]

1

- 2
1 pe

] 1 S

Dln+1] e~
Numberof buffers
turnedon

L 3 =

Ny oqe Of delay cells

Delayed edges

Ul 2.43 Delay line Uag Delay cell

u

fun: All-Digital Synthesizable UWB Transmitter Architectures lag Y. Park, D. Wentzloff

M), l lEdgesfrom delay line l l

o[ 1] P Mask register (ANDs)
.
of cycles of the RF pulse g l Selected Edges l é
1
\ Edge Combiner (XORs) 7

\
LL v
Determines
Single UWB Pulse E> . | ] l l I lf|4¢&nterFrequenw

Pulse Width

gﬂ‘ﬁ' 2.44 vAnnlpazunsival Mask Register Lag Edge Combiner
‘ﬁlm: All-Digital Synthesizable UWB Transmitter Architectures lag Y. Park, D. Wentzloff

L JUL
e
cock| 00K ,. - B o e e o d £
MODULATOR |
- wey g 0 1] 1 N O
W ettt ] - L:;\‘]xoa -
e ziit _..ﬂ_-.f -L_ =)
[rFF 2
B I W R LT
iFr ) EDGE COMBINER
— 270-I ..
Mz UL
DIGITAL CLOCK MANAGER SYNCHRONOUS-DELAY

GENERATOR

U 2.45 'uaarﬂ,m9vLmimmnﬁamammmwaammammLLﬂaammn’Jsmimamu
737 : Build a UWB pulse generator on an FPGA 1ng P. Duraiswamy, X.Li, J. Bauwelinck, uag

J. Vandewege
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3.2. nrseantuulaslusunsy

3.2.1 AMAEsudl 1
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@519 module BUF
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@379 module delay
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fidtyeninsvsu

toultn Delay line
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Delay line AND fiu masking bits
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XOR U (edge combiner)
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All-Digital Synthesizable UWB Transmitter
Architectures

Youngmin Park and David D. Wentzlotf

University of Michigan, Ann Arbor, MI, 48109, USA

Abstract—This paper presents two all-digital synthesizable
pulsed-ultra-wideband (UWB) transmitter architectures. Both
delay line-based and ring oscillator-based architectures proposed
in this paper are synthesized and place-and-routed (PAR) with
existing design tools. This design flow eliminates custom circuit
design and layout, thus significantly enhancing design
productivity. Also, the center frequency and the bandwidth of the
output signals are tuned digitally to compensate for the variation
induced by the PAR or to adapt to various applications. To verify
the feasibility of the architectures, FPGA prototypes are
implemented. The measured output signals of the prototype
circuits meet the target spectrum specifications by tuning the
mismatch in delay.

Index Terms— ultra-wideband radio, transmitters, pulse
generator, all-digital architecture, synthesizable architecture,
FPGA

I. INTRODUCTION

LTRA-wideband (UWB) is becoming a promising

technology for short-range wireless communication
applications such as sensor networks and RFIDs with
improving performance and reducing cost and power
consumption. Among many proposed UWB  systems,
pulsed-UWB presents many advantages to achieve these targets
in the transmitter [1]. When used with pulse position
modulation (PPM), most of the complexity is taken by the
receiver to detect transmitted signals, thus the transmitter can
have a simple architecture which can be integrated with CMOS
technology. Also, the transmitter is turned on only when
transmitting pulses, thereby significantly reducing power
consumption in the transmitter. Recently, various digital UWB
transmitters have been implemented in CMOS technologies
showing expected performances with low power consumption
[2]-[5].

Taking further the advantages of all-digital transmitters, this
paper presents symthesizable UWB transmitter architectures.
These synthesizable architectures, by definition, are described
using a hardware description language such as verilog, then
synthesized and place-and-routed (PAR) by existing design
tools. This eliminates the time-consuming and error-prone
procedure of custom circuit design and layout, and enables the

978-1-4244-1827-5/08/825.00 ©2008 IEEE

UWB transmitter to be synthesized with other digital systems.
Automatic PAR, however, can introduce undesirable mismatch
in the timing control; hence a digital tuning capability which
can compensate for the mismatch introduced by PAR is also
included in these architectures.

The remainder of this paper is organized as follows. Section
II describes all-digital synthesizable transmitter architectures;
delay line-based architecture and ring oscillator-based
architecture. The FPGA implementation of the architectures
and FPGA-specific issues are discussed in the section III.
Section IV then presents the experimental results of the
prototype circuits. Finally, section V concludes this paper.

II. ALL-DIGITAL TRANSMITTER ARCHITECTURES

All-digital transmitter architectures are comprised of a
system controller, a modulator, and a pulse generator as
depicted in Fig. 1. The system controller in Fig. 1 sets all the
parameters which control the modulator and the pulse generator.
When the PPM modulation scheme is applied, the system
controller determines the duration of each PPM symbol and the
pulse repetition frequency (PRF). These parameters can be set
dynamically based on the detecting resolution of the receiver
and the data rate of the input signals. The system controller also
sets the parameters that define the center frequency and the
bandwidth of the RF output signals. With this interface between
the system controller and the pulse generator, the specifications
of various applications can be met.

The PPM modulator generates a triggering edge for the pulse
generator. According to the control signals from the system

3 \
/
1
DATA—+>|  Modulator s Pulse L iypcour
+>{ (e.g. PPM) Generator | |
1
1 1 Modulation 1 1 :
| control !
: 5 1
il ! System ™ BW control !
1
| Controller Center freq. 1
¥ control ’ 4

g i e

Fig. 1. All-digital pulsed UWB transmitter architecture
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controller, it divides the PRF period into a number of time slots
and generates one edge at a coded time slot.

The pulse generator synthesizes pulses with the desired
center frequency and bandwidth. Since the pulses determine the
power spectrum of the transmitted signals, this pulse generator
is the most critical block in terms of power and frequency
specifications. In this paper, two pulse generators; a delay
line-based pulse generator and a ring oscillator-based pulse
generator, are presented that are fully described in verilog.

A. Delay Line-Based Pulse Generator

The delay line-based pulse generator [2] consists of a delay
line (Fig. 2), a mask register, and an edge combiner (Fig. 3).
When a rising edge from the modulator arrives at the delay line,
it propagates through ng,g. stages of delay cells, thus
generating Ngpage delayed rising edges. The delays between
these edges are digitally controlled. As shown in Fig. 2, each
delay cell is implemented with n,,;4q, parallel tri-state buffers.
When disabled, the output of each tri-state buffer is
high-impedance and the driving strength on the shared output
node is reduced. Then, the delay through that stage increases.
Therefore, the delay between the edges D[n] and D[n+1] are
tunable by ny,iq. bits of control signals CTRL[1ny;gen =1:0].

Fig. 3 shows the mask register and the edge combiner. The
generated edges from the delay line are combined in the edge
combiner. Since the edge combiner in this architecture is
implemented with an XOR tree, each incoming edge toggles
the output signal. In this way, two edges combine to generate
one cycle and the period of that cycle is the sum of the delays of
the two stages, thereby setting RF center frequency of pulse.
The mask register selects the edges to be combined in the edge
combiner by bitwise AND-ing the edges and corresponding
masking bits. This determines the number of cycles in a pulse,

Delay/Stage

Delay Cell A
| i, S -~
| _CTRL[Ny-1:0] - Y
1 !
e \\ 250
S T :
| 1 ———————
D[n Dln+1)
[nl \: ——————————— —’, Numberof buffers
Sea I turned on
= [
- ! N,;.ge Of delay cells
PR TS i, . W 7 i i
CTRL 73 |
Edge T at 1'
T N N, G

Delayed edges

Fig. 2. Delay line and delay cell
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Masking Bits
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|
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1
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Fig. 3. Block diagram of mask register and edge combiner

30
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| Divider/ FSM ———>P Counter

- 1

Reset

Fig. 4. Ring oscillator-based pulse generator

thereby the bandwidth of the signal in the frequency domain.
This pulse generator provides flexibility in the center frequency
and the bandwidth to meet the specifications of UWB systems.
If the delay of each delay cell is tunable between 50ps and
150ps, and the total number of delay cells is larger than 30, the
UWRB frequency band (3.1-10.6GHz) can be covered.

B. Ring Oscillator-Based Pulse Generator

The ring oscillator-based pulse generator (Fig. 4) is
composed of an inverter chain, a delay cell, a MUX, a divider, a
counter, and an AND gate. An odd number of inverters in a ring
generate an oscillating signal and the center frequency of the
oscillation is determined by the driving strength of each
inverter and the number of the inverters. Since these parameters
are fixed when the circuit is synthesized, the delay cell and the
MUX are included to tune the frequency of the ring oscillation.
The delay cell provides digitally tunable delay in the oscillating
loop and the MUX selects the number of the inverters in the
loop to implement a coarse tuning.

The counter and the AND gate are required to control the
number of cycles in a pulse which determines the bandwidth of
the output signals. When the counter value reaches the target
number of cycles, the oscillating signal is gated and the ring
oscillator is turned off. In the event that the synthesized counter
is not fast enough to count the RF cycles (3.1-10.6GHz), a
divider may be placed before the counter. Since this divider
reduces the resolution of the counter, a simple and fast finite
state machine is implemented to account for the remainder from
the division.

This pulse generator also provides a range of the center
frequency and the bandwidth. If the number of the inverters is
determined so that the oscillating period is between 100ps and
300ps, the 3.1-10.6 GHz UWB frequency requirements can be
met.

III. PROTOTYPE IMPLEMENTATION (FPGA)

Since all the functional blocks in FPGA circuits are
synthesized and place-and-routed by automatic design tools,
they are good prototype demonstrations of the synthesizable
architectures. Fig. 5 shows FPGA prototype implementation of
the all-digital transmitter. In this implementation, the Virtex-1I
Pro FPGA device and the ISE Foundation design tools from
Xilinx are used [6]. The clock signal and the input data are
provided to the FPGA from external sources and the input data
rate and the output frequency are scaled down to IMbps and
1 10MHz respectively for the purpose of the prototype.

Authorized licensed use limited to: University of Michigan Library. Downloaded on January 8, 2009 at 19:15 from IEEE Xplore. Restrictions apply.
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Fig. 5. FPGA prototype of all-digital pulsed-UWB transmitter

The system controller and the modulator are implemented as
finite state machines. Verilog code is written describing their
functions, and mapped to the configurable logic blocks (CLBs)
in the FPGA device.

Unlike the system controller and the modulator, the timing of
the output signals is sensitive to the implementation of the pulse
generator. Since the performance of the pulse generator is
affected by the synthesis and routing, the detailed
implementation of the pulse generator is presented in the
following sections.

A. Delay Line-Based Pulse Generator

The Virtex-1I Pro FPGA device provides tri-state buffers
named TBUF (Fig. 5). Although these buffers are not
implemented exactly as the tri-state buffers in CMOS standard
libraries, they have input ports controlling connectivity to
shared wires. Therefore, the digital tuning described in the
previous section can be achieved with TBUFs. The FPGA
delay line was implemented with eight stages of delay cells,
thus having four cycles per UWB pulse at the output port. The
mask register and the edge combiner are implemented with
logic gates, which are mapped to the CLBs in the FPGA.

As shown in Fig. 6, the half cycle period is determined by the
sum of the delay of each delay cell and the mismatch in the path
to the output. With all the TBUFs turned on, the delay cell
generates the shortest delay (Trpyg jnjr). Then, the mismatch in
the path delay (ATpary) through the mask register and the edge
combiner is added to it. These two values, however, are
affected by PAR, thereby introducing variation over the stages.
To obtain a unified cycle period, the tunable delay (Trgug tune)
of cach stage is increased by turning off the TBUFs. Fig. 7
shows the measured mismatches and the achievable range by
tuning the delay cells. Though the FPGA device has an
interconnect-dominant structure, thereby limiting the tuning
ability of the delay cells, this pulse generator provides a range
of feasible cycle period.

One of the major differences in the FPGA implementation is
that pull-up resistors are tied to the output node of each tri-state
buffer. When disabled, the output of TBUF is pulled up to the
supply voltage, which makes the delay control of the rising
edges non-monotonic. To obtain the desired tuning control,
only the falling edges are used to synthesize pulses.

T

rour i T

ST -
I I
L Edge Combiner

Tl’ulb_ri T.Pam_ ”“L
’ Half cycle |
period

Fig. 6. FPGA prototype of the delay line-based pulse generator
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Fig. 7. Measured mismatches of the initial delays and tunable delay values
(stage 1 s used as a reference).

B, Ring Oscillator-Based Pulse Generator

Fig. 8 shows the FPGA prototype of the ring oscillator-based
pulse generator and cycle period tuning with it. The TBUFs and
the MUX are used to tune the center frequency of the oscillating
signal. With 16 parallel TBUFS, there are 16 steps of fine tuning.
The MUX selects the number of inverters in the loop to provide
coarse tuning of the center frequency. As shown in Fig. 8, this
pulse generator can have a broad range of center frequency with
this coarse-fine tuning approach. Unlike the delay line-based
pulse generator, all the RF cycles in a pulse have the same
period since they share the same path to the output port.

All blocks including the inverters, the switching gate and the
counter are synthesized and mapped to the CLBs in the FPGA
device.

Cycle period
¥ (r:s] [l Tunable range
[ Initial period
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16steps ! Short Loop '
Achievable g I EN X3 !
1 see 1
! = }' } > 1
A - : St
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Ring Oscillator-Based Pulse Generator in FPGA
MUX SEL

[
ShortLoop Longloop

Fig. 8. Period tuning with TBUFs and MUX in the ring oscillator-based pulse
generator
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IV. EXPERIMENTAL RESULTS (FPGA)

As mentioned in the previous section, the target center
frequency is scaled down to 110MHz and the fractional
bandwidth requirement (bandwidth > 20% of the center
frequency) is achieved in the prototype circuits.

Fig. 9 shows the pulse waveform and the spectrum of the
delay line-based pulse generator (a) before and (b) after the
delay has been digitally tuned to equalize delays. As explained
in Fig. 6 and Fig. 7, the mismatch of the path delay is significant,
which prevents the cycles from having unified periods. Thus,
the side lobe of the spectrum is not reduced and harmonics are
present (Fig. 9a). After tuning each delay cell, the mismatches
are compensated and the desired spectrum is obtained (Fig. 9b).
The measured center frequency is 110.25MHz and the
bandwidth is 41.5MHz (37.6% of the center frequency), which
meets the FCC fractional bandwidth requirement.

Fig. 10 shows the pulse waveform and the spectrum of the
ring oscillator-based pulse generator. Since the period of each
cycle is the same without tuning, only the center frequency is
tuned to have the target frequency. The measured center
frequency is 111.25MHz and the bandwidth is 41.9MHz
(37.6% of the center frequency), which also meets the FCC
fractional bandwidth requirement.
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Fig. 9. Comparison of measured pulse waveform and spectrum of the delay
line-based pulse generator with and without tuning
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Fig. 10. Measured pulse waveform and spectrum of the ring oscillator-based
pulse generator

V. CONCLUSION

We have presented two all-digital, synthesizable transmitter
architectures. Whereas both architectures have digitally tunable
center - frequency and bandwidth, the delay line-based
architecture shows more flexibility in tuning the pulse width.
That is, it can have variable duty cycle of the pulses for specific
applications and can adopt other modulation schemes such as
DB-BPSK [7]. The ring oscillator-based architecture, on the
other hand, requires a much smaller number of transistors, thus
reducing the area and power consumption. Also, the unified
cycle periods simplifies the tuning of the center frequency.
However, if the synthesized circuit does not have the desired
duty cycle (e.g. 50%), the spectrum has undesirable side lobes.

The FPGA prototype circuits verified the feasibility and the
functionality of both architectures. Since these architectures are
comprised of functional blocks which can be implemented with
standard library cells in CMOS technologies, the desired design
productivity and performance from these architectures are
achievable with technology scaling.
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CW and Pulse-Doppler Radar Processing Based
on FPGA for Human Sensing Applications
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Abstract—In this paper, we discuss using field-programmable
gate arrays (FPGAs) to process either time- or frequency-domain
signals in human sensing radar applications. One example will be
given for a continuous-wave (CW) Doppler radar and another for
an ultrawideband (UWB) pulse-Doppler (PD) radar. The exam-
ple for the CW Doppler radar utilizes a novel superheterodyne
receiver to suppress low-frequency noise and includes a digital
downconverter module implemented in an FPGA. Meanwhile, the
UWB PD radar employs a carrier-based transceiver and a novel
equivalent time sampling scheme based on FPGA for narrow pulse
digitization. Highly integrated compact data acquisition hardware
has been implemented and exploited in both radar prototypes.
Typically, the CW Doppler radar is a low-cost option for single
human activity monitoring, vital sign detection, etc., where target
range information is not required. Meanwhile, the UWB PD radar
is more advanced in through-wall sensing, multiple-object detec-
tion, real-time target tracking, and so on, where a high-resolution
range profile is acquired together with a micro-Doppler signature.
Design challenges, performance comparison, pros, and cons will
be discussed in detail.

Index Terms—Continuous wave (CW), field-programmable gate
array (FPGA), human sensing, micro-Doppler, pulse-Doppler
(PD) radar, ultrawideband (UWB).

I. INTRODUCTION

ODAY’S radar system designers rely more heavily than

ever before on field-programmable gate arrays (FPGAS).
In the past, most complex digital signal processing (DSP)
functions were mainly implemented on dedicated digital signal
processors. However, with the needs of many radar applications
outstripping the processing capabilities of digital signal proces-
sors, e.g., measurement in millions of instructions per second,
the use of FPGAs is rapidly growing [1]. Equally important, and
often overlooked, is the FPGA’s inherent advantage in product
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TABLE 1
LIST OF THE M0OST COMMON FPGAs IN THE
COMMERCIAL MARKET [2], [3]

FPGA System | Logic Block DSP SelectlO
Model Speed Cells | RAMs | Slices Speed
Altera 533 18.3 1.25 Gb/s
Stratix ITI MHz HEE Mb L2 LVDS
Altera 500 20.4 1.4 Gb/s
= i
Stratix V MHz oLk Mb e LVDS
Xilinx 550 207.3 16.4 1.056 1.25 Gb/s
Virtex-5 MHz K Mb i LVDS
Xilinx 640 1.86 Gb/s
G- & Mz (== M NRMP [ 3600 | “HpRs
Xilinx
Virtex-5 515140 217K | 30Mb | 192 I'Eigg’ ¥
XC5VSX35T F

reliability and maintenance. In addition, signal demodulation
and matched filter can be implemented in an FPGA rather than
using additional devices. Table I lists the most common FPGAs
in the commercial market that can be used in human sensing
radars. Several FPGA models provided by the two leading
FPGA vendors, i.e., Altera and Xilinx, are compared here in
terms of system speed, logic cells, block RAMs, DSP slices,
and select /O speed [2], [3]. FPGAs are currently evolving
faster and faster to meet the demands of the new radar and
sensor system designs.

Several different kinds of radar systems are currently
used for human sensing applications, some of which utilize
frequency-domain signals such as continuous wave (CW) [4]
and frequency-modulated CW [5], [6]. Some systems may
employ time-domain signals such as ultrawideband (UWB)
pulse [7]-[10] and UWB noise [11]. Both radar systems that
use frequency- or time-domain signals can be designed or
redesigned to utilize FPGAs for signal processing.

CW radar generally has a simple structure and is well known
for its wide range of applications such as speed-limit enforce-
ment [12], human gait analysis [13]-[15], and vital sign moni-
toring [16], [17]. It is useful for determining a target’s velocity
by comparing the frequency differences between signals that
have been transmitted and received. Typically, CW Doppler
radar sends out a signal from a local oscillator (LO) and then
collects the reflected signal using a homodyne receiver, where
the returned signal is directly downconverted to baseband by
mixing with the same LO [18], [19]. Although the homodyne
receiver is simple in circuit complexity, it suffers from several
problems such as dc offset and low-frequency noise from

0196-2892/$31.00 © 2012 IEEE
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power supply and other system components (e.g., amplifier and
mixer) [20].

To overcome these disadvantages associated with the ho-
modyne receiver, a novel superheterodyne receiver based on
FPGA has been developed and is proposed here to process
the signal in the frequency domain. The incoming signal is
initially converted to an intermediate frequency (IF) to filter
out the unwanted low-frequency components. Next, the filtered
IF signal is shifted to baseband using a digital downconverter
(DDC) module implemented in FPGA. A large array of config-
urable logic blocks within the FPGA gives great flexibility, as
compared to the conventional dedicated hardware components
solution. As an example, we present a detailed design of a CW
Doppler radar prototype, including RF front-end module, signal
digitization, and DDC. An experiment using the CW Doppler
radar prototype for human activity sensing will be discussed
as well.

Meanwhile, pulse radar sends out a series of short RF pulses.
Upon measuring how long it takes to receive the returns from
these pulses, system operators can estimate the range to a target.
Pulse-Doppler (PD) radar uses Doppler shifts with radar pulses
to determine the velocities of moving targets.

In particular, UWB PD radar provides more capabilities
by rendering a high-resolution range profile (HRRP) and fine
Doppler frequency shift simultaneously by processing a pe-
riodic narrow pulse signal in the time domain [21], [22]. In
some specific applications, the HRRP of the radar target is of
great importance for accurate human localization and sensing,
which cannot be achieved by a CW radar. For example, in
human sensing applications, we want to acquire the accurate
target location, as well as estimate its motions [23]. In security
surveillance, more than one radar object was detected and
monitored at a time. Likewise, UWB PD can easily separate
transmitting/receiving coupling and multipath propagation by
time gating the radar-returned signal in the time domain. That
feature makes UWB PD very attractive for through-wall human
sensing as it can easily separate weak target scattering from
strong wall reflections by using the time-gating method.

As an illustration, we will introduce the development of a
UWRB PD radar prototype, as well as how we extend it for sens-
ing multiple human objects in a through-wall environment. Our
developed UWB PD radar is based on low-cost processing of
narrow pulse signals. This processing is based on an equivalent
time sampling strategy [24], which is implemented by using
an off-the-shelf FPGA, a relatively low-speed analog-to-digital
converter (ADC), and a delay line chip.

As a common point, both the CW and UWB PD radar
prototypes use FPGAs for radar signal processing in time
and frequency domains, respectively. It is a low-cost solution
as opposed to using expensive real-time oscilloscopes and
vector network analyzers, respectively. FPGAs offer the best
performance, size, weight, and power characteristics for these
signal processing applications. The particular design for our
purposes utilizes an off-the-shelf FPGA model, i.e., Xilinx
Virtex-5 XC5VSX35T, to implement a low-cost solution while
still meeting the performance requirements of the developed
CW Doppler and UWB PD radars. Fig. 1 shows a photograph
of in-house designed data acquisition hardware utilized in
both the CW and UWB PD radar prototypes. For even better
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Fig. 1. In-house data acquisition hardware design utilized in both CW and
UWB PD radar prototypes integrates a Xilinx Virtex-5 FPGA (XC5VSX35T),
a 16-bit National Semiconductor ADC (ADC16DV160), a delay line chip, and
a USB2.0 microcontroller in a four-layer printed circuit board.

performance, the latest FPGAs on the commercial market, i.e.,
Altera Stratix V family and Xilinx Virtex-7 family, can be
used since they provide significantly more logic cells and DSP
slices. It makes possible to implement a higher order finite-
impulse response (FIR) filter, increase the bit number of a
phase accumulator, etc., which can improve the accuracy and
sensitivity of a Doppler radar.

Contrary to both radar prototypes using the Xilinx Virtex-5
XC5VSX35T FPGA, these two radar prototypes require dif-
ferent design strategies and present distinct features and ca-
pabilities. In this paper, we compare the two Doppler radar
alternatives in terms of system complexitly, prototyping cost,
radar performance, and detection capability. The pros and
cons of each technology are also discussed, and recommen-
dations are given for the appropriate radar prototype for given
applications.

II. CW DOPPLER RADAR PROTOTYPE BASED ON FPGA

In this implementation, the CW Doppler radar and UWB
PD radar prototypes share several fundamental elements within
the system platform to save prototyping cost, including the
transmitting and receiving antennas, a power amplifier, a low-
noise amplifier, and a mixer. All selected components exhibit
wideband performance, which is compatible with the UWB
PD radar prototype. However, these same components can be
easily replaced with narrow-band components in the CW radar
prototype.

Fig. 2 details the setup of the developed CW Doppler
radar prototype. On the transmitter side, a 3-GHz CW signal
generated by an Agilent signal generator, 83622B, is ampli-
fied through a Mini-Circuits ZHL-42 power amplifier before
being sent for transmission through a Vivaldi antenna [25].
On the receiver side, the radar-returned signal collected by
the receiving Vivaldi antenna is initially amplified by a Hittite
HMC753 low-noise amplifier. The amplified signal is then
downconverted to a 20-MHz IF band by mixing with a
2.98-GHz LO, generated by another Agilent signal generator,
E8257D. The two Agilent signal sources are synchronized
by wiring their 10-MHz reference clocks. These two Agilent
signal sources may be replaced with a commercially avail-
able phase-locked loop that features an integrated voltage-
controlled oscillator, such as HMC830LP6GE from Hittite [26].
Next, the 20-MHz IF signal is bandpass [iltered to remove the
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Fig. 3. Block of the quadrature DDS implemented in the FPGA.

low-frequency noise/interference and then sent to the ADC,
i.e, ADC16DV160 from National Semiconductor, for signal
digitization. The IF signal is digitized using a 60-MHz sampling
clock provided by an external clock and synchronized with the
FPGA reference clock. Next, the sampled data are sent to the
FPGA for digital downconversion. The utilized Xilinx Virtex-53
XC5VSX35T FPGA includes many system-level blocks such
as powerful 36-Kb block RAM/FIFOs and second-generation
DSP slices. The DDC implemented in the FPGA, as shown
in Fig. 2, consists of three subcomponents: a direct digital
synthesizer (DDS), a multiplier, and a decimation filter.

Fig. 3 details the quadrature DDS implemented in the FPGA.
Phase truncation DDS [27], the simplest configuration of the
DDS complier core, is used in the FPGA, which includes
three subcomponents: a phase accumulator, a quantizer, and
a lookup table (LUT). The phase accumulator has a width of
B = 28 bits and computes a phase slope that is mapped into
a complex sinusoid by a LUT. The quantizer, working simply
as a slicer, accepts the high-precision phase angle #(n) and
generates a lower precision representation of the angle denoted
as ©(n). This value is presented to the address port of a LUT
that performs mapping from phase space to time. The output
frequency f,,¢ of the DDS waveform is a function of the system
input clock frequency f., the phase width B, and the phase
increment value Af. For example, the phase increment value
Af required to generate an output frequency of 20 MHz is

_ fous2® _ 20M 2%

Af
Sene 60M

= 89478 485.333. (1)

This value must be truncated to an integer giving the following
actual output frequency:

Abfar 89478485 - 60M

Jour= 55 o3 =19999999.925 Hz. (2)

The actual output frequency has a small constant deviation of
0.075 Hz, which will generate a constant frequency offset at
the Doppler frequency shift and has been compensated for in
postdata processing.

The downconversion is then performed through two mul-
tipliers, as shown in Fig. 2, where the digitized input signal
is multiplied with amplitude values of the sine and cosine
functions stored in the LUT, respectively. Both data I and Q are
acquired to avoid the overlap of positive and negative Doppler
frequency shifts. The Xilinx FPGA can generate two different
multiplier architectures, i.e., parallel and constant-coefficient
multipliers, for two complement signed or unsigned data. Our
design utilizes a parallel multiplier, which accepts two signed
input buses with a width of 16 bits and generates the product of
these two values as the output with a width of 32 bits.

Subsequently, a decimation filter, i.e., the combination of
a cascaded integrator-comb (CIC) filter and a decimator, can
be utilized to low-pass filter and downsample the I/Q data,
as indicated in Fig. 2. CIC filters are typically employed in
applications that have a large excess sample rate, i.e., the system
sample rate is much larger than the bandwidth occupied by the
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Fig.4. Experiment of sensing a person riding an exercise bike using the CW Doppler radar prototype. (a) Experimental setup. (b) Spectrogram at a slower speed.
(c) Spectrogram at increased pedal speed. (d) Spectrogram at the conclusion of bike exercise.

processed signal as in DDCs. The general system response of a
CICis

(1 A Z—RM)N

where /V is the number of CIC stages, R is the rate change (dec-
imation), and M is the differential delay in the comb section
stages of the filter. This filter response with a combination of
filter and integrator sections, along with downsampling, gives
rise to the hardware efficiency of CIC filters. In this design, the
data digitized by the 60-MHz sampling clock are decimated to
achieve a sampling rate of 2 megasamples per second (MS/s)
by using the CIC filter, with N =3, R =1, and M = 20, to
remove the out-of-band spectrum. After undersampling, the I/Q
data are transferred to a computer in real time through a USB2.0
communication link, allowing a maximum data uploading rate
of 25 megabytes per second (MB/s).

Hiz) = (3)

III. EXPERIMENT USING DEVELOPED
CW DOPPLER RADAR

Human activity monitoring is useful for a variety of appli-
cations, including clinical gait characterization for detecting

pathological conditions and automated human detection for
security applications, among others [28], [29]. Using the FPGA
to implement the DDC function in the radar prototype provides
significant advantages to the system in both signal accuracy and
speed. More importantly, it allows the radar system designer to
have more design flexibility, significantly improving the system
performance and reducing the design cycle.

To demonstrate the performance of the developed CW
Doppler radar based on the FPGA technique, two experi-
ments have been carried out to investigate the micro-Doppler
signatures ol human physical activities. The first experiment
performed for Doppler information extraction entails a person
riding an exercise bike, as shown in Fig. 4(a). This activity is
composed of numerous motions from both the human body
(e.g., movement of the person’s arms and cycling of legs) and
the bike (e.g., swinging of arm handles, speedy rotation of
flywheel, etc.).

A short-time Fourier transform (STFT) tool based on a
MATLAB program processes the postdata to extract the
Doppler frequency shift of the radar object [30]. Fig. 4(b)
depicts the spectrogram obtained when the person rode the
bike slowly, with the color map scale from 0 to —100 dB.
The Doppler frequency shifts generated by the arm handles
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(b) Spectrogram during treadmill jogging.

of the bike and the human body move within the range of
+10 Hz, with a higher intensity, as shown in Fig. 4(b). The
running flywheel generates a series of positive and negative
Doppler frequency shifts in the range of 20-60 Hz. Fig. 4(c) is
the spectrogram that represents the frequency shifts generated
by the arm handles, the human body, and the flywheel as the
pedaling speed of the bike increases. The repetition rate of the
motion has increased [rom 32 rounds/min to 68 rounds/min,
according to Fig. 4(b) and (c). Fig. 4(d) reveals the spectrogram
with the radar still monitoring the field at the conclusion of the
biking exercise. The micro-Doppler signatures of the flywheel,
arm handles, and pedals indicate that the bike gradually slowed
down and completely stopped after 16 s. In Fig. 4(d), we can
see some Doppler frequency around =60 Hz, which is due to
the noise from electrical supply.

The second experiment investigates the micro-Doppler sig-
nature of a person walking/jogging on treadmill. A time-
frequency (TF) analysis tool based on STFT [30] was utilized
to acquire the Doppler information of the human motions. The
spectrogram results shown in Fig. 5(a) and (b) indicate the
motions of the person when he is walking and jogging on
the treadmill, respectively. Fig. 5(a) presents the Doppler fre-
quency pattern within =20 Hz from the movement of legs, feet,
and torso, as well as frequency shift humps at 20-60 Hz from
the motion of arms. The two swinging arms generate positive
and negative Doppler frequency humps: one arm swings for-
ward while the other swings backward. The maximum radial
velocity is from the hand movement and can be calculated as
3 m/s, using the following equation:

_foc _ fo)

v_2fc_ 5 (4)

where fp (60 Hz) is the measured maximum Doppler fre-
quency shift, as indicated in Fig. 5(a), and A (10 c¢m) is the
wavelength of the 3-GHz CW signal [31]. The jogging activ-
ity on the treadmill shows a distinctly different spectrogram
pattern from the walking activity and a much faster repetition
frequency, as portrayed in Fig. 5(b). When jogging, the person
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Experiment of sensing a person walking/jogging on the treadmill using the CW Doppler radar prototype. (a) Spectrogram during treadmill walking.

typically swings the arms in a smaller range than he does with
walking activity. The Doppler frequency shifts generated by
the arms overlap with those generated by the torso and legs,
as shown in Fig. 5(b). There were no obvious frequency shift
humps from the arms movement in the jogging activity.

IV. UWB PD RADAR PROTOTYPE BASED ON FPGA

Like the CW Doppler radar prototype, the developed UWB
PD radar prototype utilizes the same carrier {requency, i.e.,
3 GHz; it utilizes a carrier-based architecture, as shown in
Fig. 6. On the transmitter side, a 700-ps Gaussian pulse gener-
ator is driven by a 10-MHz clock, generated by the FPGA. The
Gaussian pulse is then modulated by a 3-GHz carrier through
a commercial Hittite HMC213 mixer. Next, the modulated
signal passes through a high-gain power amplifier Mini-Circuits
ZHL-42 before being sent out via a wideband Vivaldi antenna
[25]. On the receiver side, an eight-element Vivaldi array is used
to collect radar-returned signal and one channel is selected at a
time by an SP8T switch. Next, a Hittite low-noise amplifier,
HMC753, amplifies the selected radar-returned signal before
it is downconverted into baseband. The downconversion is
implemented by mixing the modulated signal with the same
3-GHz carrier. It is worthy to note that the UWB radar prototype
is a coherent system where the transmitter and the receiver use
the same carrier signal. Next, the baseband I and Q signals
are low-pass filtered and amplified before being sent for data
digitization based on an equivalent time sampling strategy [24].
At least 25-dB isolation is needed between the radar transmitter
and receiver to avoid potential receiver saturation. The isolation
can be achieved by properly setting up the location and direc-
tion of transmitting and receiving antennas.

According to the Nyquist sampling theorem, it requires at
least 3 gigasamples per second (GS/s) data conversion rate to
sample the 700-ps pulse signal without any distortion, which
occupies a bandwidth from dc to 1.5 GHz. However, high-
speed ADCs are frequently not commercially available and can
be quite expensive; hence, using an equivalent time sampling
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Fig. 6. Block diagram of the UWB PD radar prototype.
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Timing logic of the equivalent sampling process implemented in the

scheme can be a low-cost solution. A 16-bit commercial ADC
from National Semiconductor, i.e., ADC16DV 160, was used
in implementing the high-speed data acquisition module. Tt
provides a maximum data conversion rate of 160 MS/s and a
full power input analog bandwidth of 1.4 GHz.

A pulse train with a pulse repetition time (PRT) of
100 ns was used in recovering the sampling scheme. Instead
of finishing the pulse signal digitization in one PRT, the first
PRT retrieves only 15 samples as the baseband 1/Q signals are
digitized by using a 150-MHz sampling clock. The samples are
then sent to the RAM of Xilinx Virtex-5 FPGA for temporary
storage. After this, a delay line chip controlled by the FPGA bus
generates a time delay At¢, which is added to the ADC sampling
clock before starting the data conversion of the next PRT. The
equivalent time sampling rate is determined by the resolution
of the time delay At. In our design, a fine resolution has been
achieved by using a commercial delay line chip SY100EP196,
which provides a programmable delay from 2 to 12 ns with
10-ps fine increments. The 10-ps clock shift resolution renders
an ultrafast equivalent sampling rate of 100 GS/s. After collect-
ing the samples of a complete pulse cycle, the digitized data are
transferred to the computer through a USB2.0 communication
link and the FPGA RAM is cleared. Fig. 7 shows the time logic
of the data sampling process implemented in the FPGA.

When using a single receiving channel or processing the
multiple receiving channels in parallel, the UWB PD radar

Fast Time/Range

Slow-time

Fig. 8. Radar-returned signal of the UWB PD radar.

prototype achieves a system refresh rate of 600 Hz and an am-
biguous Doppler velocity of up to 15 m/s, which is adequate for
sensing any human motions. For reference within the following
experiment, the average human walking speed is about 1.4 m/s
while the world record of men’s running speed is 10.5 m/s.

V. DOPPLER DETECTION PRINCIPLE
UsiNG UWB PD RADAR

Let z(¢) be the complex baseband pulse signal captured by
one receiving channel, given by
z(t) = a(t) + jb(t) (5)
where a and b are the in-phase and quadrature components of
the pulse. The pulse signal is digitized and then saved in a 2-D
data set denoted by z[l,n], where [ = 1,2,..., L introduces
the fast-time sample (i.e., range bin) whereas n =1,2,..., N
represents the slow-time sample (i.e., index of PRT). Fig. 8
presents typical radar-returned signal captured by the UWB PD
radar.
The flowchart of the UWB PD radar Doppler detection
algorithm is shown in Fig. 9. A matched filter is first applied
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Fig. 9. Flowchart of micro-Doppler signature extraction using the UWB PD
radar.

to improve the signal-to-noise ratio of the radar-returned signal
by eliminating the out-of-band noise, given by

yn(l) = 2, (1) @ W(1) (6)

where “®” denotes convolution operator, x,,(l) represents the
samples at the nth PRT, and h(!) is the impulse response of the
matched filter, and its frequency response is given by

L f<sh
H(f) ¥ {U, f& f-p (7
where f, is the bandwidth of the received baseband pulse.
Next, any target motion is highlighted by removing static re-
flection signal (e.g., due to background, stationary objects, and
etc.) At different PRTs, radar-returned signals due to wall
and background surroundings are constant in both amplitude
and time delay, whereas signals due to moving target keep
changing. Taking the average of the pulse signals at numerous
PRTs, the acquired signal is due to the reflections of all static
objects such as wall and background surroundings. Thus

(%1% o . L. (8)

The reflections from wall and background surroundings are
eliminated by subtracting the averaged signal from every fast-
time sampled pulse, with the new signal given by

Zn(” = yn(z) . l}(l) 9

For slowly moving target, some other moving target indica-
tion filters are preferred, such as one-delay canceler, two-delay
canceler, or even multidelay canceler [32], which achieves a
very sharp cutoff at zero compared to subtracting the average
method.

After removing static reflections, HRRP presents the real-
time location of the radar target, which is of great impor-
tance in through-wall or through-barrier detections. Meanwhile,
HRRP also indicates that the range-bin radar target has tra-
versed, which can be used later on for micro-Doppler signature
extraction.
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Fig. 10. Experiment of sensing a person riding an exercise bike using the
UWB PD radar prototype. (a) Spectrogram at normal pedal speed. (b) Spectro-
gram at the conclusion of bike exercise.

For each range bin, TF analysis is applied to slow-time
samples and a 3-D time-range-Doppler signature is acquired
[33], as shown in Fig. 9. The 3-D radar Doppler signature
allows detecting, relocating, and refocusing of moving targets
[34]. The range-bin target that has traversed can be combined
coherently before applying fast Fourier transform (FFT) or TF
analysis on the slow-time samples. Micro-Doppler signature
(i.e., Doppler frequency versus time) can be achieved by ap-
plying TF analysis, whereas Doppler spectrum can be derived
by performing FFT on the slow-time samples.

VI. EXPERIMENT USING DEVELOPED UWB PD RADAR

To compare the two radar systems, the first experiment for
the UWB PD radar was to sense a person riding an exercise
bike under the same condition as the CW Doppler radar.
When the person rode the bike at a normal pedaling speed,
the spectrogram acquired by the UWB PD radar is shown in
Fig. 10(a). Compared with the CW radar signature in Fig. 4(c),
the UWB PD radar recovers a very similar micro-Doppler
signature, including a series of positive and negative Doppler
frequency shifts between 20 and 100 Hz from the flywheel
and simultaneous positive/negative Doppler {requency shifts
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Fig. 11. Through-wall detection of two people walking using the UWB PD radar prototype. (a) Experimental setup: through-wall sensing of two walking persons.

(b) HRRP before eliminating wall/background reflections. (¢) HRRP after eliminating wall/background reflections. (d) Spectrogram of the two people walking.

within 20 Hz from the arm handles and human body. At
the conclusion of exercise, the UWB PD radar also indicates
a similar radar signature as the CW radar, presenting gradually
decreasing Doppler frequency and complete stop of the bike
after 16 s, as shown in Fig. 10(b).

Since the UWB PD radar is capable of doing what the CW
Doppler radar can do and more, the second experiment was to
detect two people walking, as shown in Fig. 11(a), because of
its capability to eliminate strong wall reflections. A 1-cm-thick
cement wall was used in the experiment with a round-trip loss
of about 10 dB. The radar was set up at a standoff distance of
around 1 m to the wall. The range profile indicated the location
of the wall but presented quite an obscure trajectory of the two
people walking before wall and background reflections were
eliminated, as shown in Fig. 11(b). The range profile of the
two radar objects after eliminating wall/background effects is
presented in Fig. 11(c), which indicates that the first person
walks toward the radar at 0-15 s and then moves backward,
whereas the second person walks away from the sensor at
0-13 s and then approaches the sensor. Fig. 11(d) shows the
micro-Doppler signatures of the two people walking based on
an STFT analysis. The first person generates 412 Hz from 0 to

15 s and —12 Hz from 15 to 27 s, whereas the second person
renders —12 Hz from O to 13 s and +12 Hz from 13 to 27s.

The positive/negative sign of the Doppler frequency shifts
can be also used to predict the moving direction while the
Doppler frequency amplitude (i.e., 12 Hz) relates to a radial
velocity of 0.6 m/s. By using the UWB PD radar, not only
HRRP and micro-Doppler signatures can be simultaneously ac-
quired but also the motions of multiple objects can be detected
and sensed, even in through-wall applications. This is clearly
beyond the capabilities of the CW radar.

The third experiment was carried out to localize and detect
the respiration of two stationary human objects through a
cement wall with a thickness of 1 c¢m, as shown in Fig. 12(a).
The recovered image has accurately introduced the locations of
the two human objects, as shown in Fig. 12(b), which indicates
that the first person is at a down range of 1.8 m and a cross range
of 0.9 m whereas the second person is at a down range of 3.3 m
and a cross range of 0.2 m. The scattered signals from the two
human objects can be easily separated through their different
locations (or time delays). After accounting for the stationary
objects’ reflections using the same method aforementioned, we
investigated the slow-time samples at the range bin of 1.8 m
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Fig. 12. Through-wall respiration detection of two stationary persons using the developed UWB PD radar. (a) Experimental setup: through-wall detection of
two stationary persons. (b) Acquired locations’ information of the two human targets. (c) Respiratory pattern of the first person. showing a rate of 20 breaths/min.

(d) Respiratory pattern of the second person, showing a rate of 20 breaths/min.

for the first person and 3.3 m for the second person. It is
reported that the average respiratory rate of a healthy adult is
usually 12-20 breaths/min at rest and 35—45 breaths/min during
strenuous exercise [35]. The breathing characteristics of the
two people are presented in Fig. 12(c) and (d), respectively,
which shows that the first and second human objects have
a similar respiration rate of 20 breaths/min. Although CW
Doppler radars also show the capability of detecting human
breathing [36], they are incapable of detecting vital signs if
more than one person is in the measurable range.

VII. SUMMARY OF THE TWO RADAR PROTOTYPES

The specifications of the two radar prototypes are summa-
rized in Table II. The CW Doppler radar transmits a continuous
signal at 3 GHz, whereas the UWB PD radar utilizes a 3-GHz
carrier with a baseband bandwidth of 1.5 GHz. Both radar
prototypes use a peak power value of 25 dBm. CW Doppler
radar usually does not have Doppler ambiguity but is limited to
detect the Doppler frequency within +1 MHz in the developed
prototype because of downsampling in postdata processing
to reduce the data size. The developed PD radar presents a

Doppler ambiguity of 300 Hz and an ambiguous velocity of
15 m/s, which is adequate for human sensing applications. For
both systems, Doppler resolution mainly depends on signal-
to-noise ratio and data record time. Based on radar equations,
the CW radar can detect up to 280 m whereas the UWB ' PD
radar can detect a range of 15 m. In the context of the cost and
functionality, CW Doppler radar is simpler and less expensive
to implement; it is an attractive technology for vital sign de-
tection, and it is superior in fast-speed object detection. CW
radar can separate multiple targets based on Doppler only if the
multiple targets have different Doppler signatures/frequency
shifts. On the other hand, UWB PD radar has the capability
of detecting and sensing multiple radar objects by incorporating
HRRP with micro-Doppler signature. In the UWB PD radar, the
multiple targets can be separated first through their locations. In
addition, the UWB PD radar has an inherent advantage to sep-
arate multipath propagation, which makes it a great candidate
for heavily cluttered environments such as through-debris/wall
applications. The developed UWB PD radar prototype acquires
a fine range resolution of 10 cm and can be widely used for
precise target tracking. Specially, the developed UWB PD radar
achieves a range bin size of 1.5 mm, which makes it a very
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TABLE 1I
COMPARISON OF DEVELOPED CW AND UWB PD RADAR PROTOTYPES
CW Dogpler UWB PD Radar
Radar
Carrier Frequency 3 GHz 3 GHz
Transmitting Power 25 dBm 25 dBm, peak
Target Range g
t
Besdfiiiiog Not Applicable 10 cm
Range Bin Size Not Applicable 1.5 mm
Doppler Ambiguity +1 MHz + 300 Hz
omihignens 50 ks 15 mfs
Velocity
Detection Range 280 m 15m
Separation of
Multipath Poor Good
Propagations
Doppler Processing STFT on STET on slow-time
Method sampled data samples
System Complexity Simple More complicated
Cost Lower High
. : Through wall
Bfsimovig sensing; Multiple
Applications object; Vital ISing P
Bl doiection Objects detection;
Target Localization

attractive tool in detecting small motions by Doppler, such as
breathing and heartbeat.

VIII. CONCLUSION

Two radar prototypes based on the FPGA technique for sig-
nal processing have been presented here: a CW Doppler radar
prototype using a frequency-domain signal and a UWB PD
radar prototype using a time-domain pulse signal. The two radar
prototypes have demonstrated good performance for sensing a
single person. Meanwhile, the UWB PD radar has shown its
capability of detecting and monitoring more than one human
target even in a through-wall environment. Each radar technol-
ogy has its inherent advantage in certain applications. However,
from the experiments and resultant analysis conducted here, it
seems that the UWB PD radar can provide more accuracy and
functionality, particularly for tracking more than one target, in
a harsh environment and/or with many obstructions and scatters
such as walls or debris.
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