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¥ 1 ZigBee High-level 54

Raw data rate

868 MHz: 20 kb/s; 915 MHz: 40 kb/s; 2.4 GHz: 250 kb/s

Range

10-20 m

Channels

868/915 MHz: 11 channels; 2.4 GHz: 16 channels

Frequency band

868/915 MHz and 2.4 GHz

Addressing

Short 8-bit or 53-bit [EEE

Channel access

CSMA-CA and slotted CSMA-CA

Temperature

Industrial temperature range —40 to + 85 C
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B Operation Amplifier 74|
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CAP-arra
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19 3.7 post-# ool AlEdH Ol AS 9

¥ 2LPFY &2 54 A3

gl

OUT+
OUT—

" CAP-array

LPFe| o] o}s-

Parameter Value
pass band gain 0dB
stop band gain -35dB

cut-off frequency tuning range

2.0MHz ~ 4.5MHz

current consumption 3mA
common mode range 0.2V~ 1.6V
Maximum output swing 500mVp-p
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4 AlEEelA A3t

Parameter Value

gain range 80dB (-40dB~ 40dB)
Band width 10 ~ 200MHz

P1dB @ max gain |-55dBm

P1dB @ min gain  |3dBm

current consumption

2.5mA(min), 5.5mA(max)
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3.2.1 A3 9A (Up-conversion Mixer)

B A% 9N 7=

W

</

X

|

)

Ee
ol

—_—

wA

o

X

of &7] wjol

o
=

A v

)

ofu
B
,zrﬁ

—

)

)

ol

S o] 83l source degeneration transconductance Toll 7PH A O 2 0]

~
;OO
—

X

o7
N

= AT 5 U AA HdH A o

i

] 1ol 4]

sl

& o

s}k
=

CER e

b A

=0
- =

E40]

<
e

sho] F3

g 74

gl

on ool A Y2

59

o] &

=
=

bl

A AASHA T 5

4

X

j'

X
B

2]

O
— Drive Amp

out

AL
T

oo >

C In+

—_—

VGA

C In-

Power combine

Switchig

Transconductance

stage

stage

stage

_31_



B 3% YA dA- ERx AYdxad

=
;O.ﬁ

wA
T

0] 83l source-degeneration 7|&ES

ol
TP

A

!

A E

3.1991 A1 n2l

Zo] .

VDD

lout2

loutl

Vin+ D—|

Vin-

M2

M1

Iss

Iss

VSS

source degenerationT-¢l

ki3

% o)

i

19 3.19 A

obgle] Aow el

<
Ioutl - Iout2 -

Iout:

=9 A5

=

(13)

1_ (VTHn B Iout R)2 Kn
2l &

047]}\1 VTHn 9/} Vid =

3.19 Edx~AYE

dolgy, ¥

Aol

ke
T

L

wol 3

AA| 2H 2

E

_32_



Gm :L (14)
1+9,R

o714 g, & EFWAZE M1, M29] Edagdzeln AA3)d4 wAlgdg2

Vol eg A moks v, -1 Rel 98 9%e | =27 mAt R>>1/g,

out

st ol G =U/R o7l WEe  dojy  EasAdEs:

degeneration A@e] ol <] AgHT. ¢ 2 HAIPS A =2

wo] She gnd 97] SlalA 2 Agte] Abgol Wasith.

Of

T HAR AE+= 7|EL2 source degeneration 7|ES o] &3kAWF ¥

3.2000 4 Bl ZAx B degeneration A2 triodeF HolA &

X

et 719
MOS EfAA~HE diAdlsts wHolth o7]A EWA2E MI~M4s= B5 A5

H Ao body effect®} channel modulation effect= A5 %}

_33_



VDD

loutl * ¢ lout2
Vin+ E M1 M2 ]|———<] Vin-

M4

Iss Iss

VSS

19 3.20 MOS transistorsE ©]-83%F source degeneration7- &
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Periodic Steady State Response
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Perindic Steady State Response m
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Parameter Value

[nput IP3 -8dBm

[nput P-1dB -15dBm

power gain 10dB(typical), 15dB(max), 5dB(min)

Supply current

3mA
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Single-ended

input

(&)

TaAm

68m

S8m

A8m

Jdm

28m

12m

4.8

AC coupled CA

Teeessssssesenes Sesssecececeses)

5
5

vetrl D—IE| MP

coccscsscscsccscscsa ..1...............

D—
_"_ ouT Output
3P Matching
H Network
RL :
'
]
[
L .
'
[
]
.-......-..-.... .-......-.....J
Common source Common gate
a9 3.35 AAlE HdY SE7]Y JERE
0C Reapanse v vge="18"
x: vgmu="15"
w: wge="14"
w: vge="12"
o ugﬂ:"i"
L a: ygs="8@Pm"
o Fo: vgs="GEAm"
fo: yga="488m"
A yge="2@2m"
E fr vga=mgr
@8 1 ﬁl.ﬂ iﬂ 4.8
oS
19 3.36 IDS vs. VDS 54214 (0 VKVGS< 1.8 V)

_48_



OC Response

Ba.@mE

(a})

GA.&Fm

48.8m

28 Brn

ags E

4.2

Ae FE/EYE Yot 29 192 FHu 0dBmol S W shofof g, o
AL Pout =1mW7h "tk 50Q -3l ImWi &3 © oA |, = 12mA

(P=1,"R /89 #A-Fa Afis 27eth Class-A $EH7|2H ENA 2F
2 52 A7 S Hagh |9 A mpoloz AfE ftepok ghtt e

AR ASBUR AL 5 Qs Rt o w5 vlelolx ARE

o
o
2
o
L
o
£
2
X,
)
o
fu
offl
L
ol
ol
rr
=
L)
ol\
I
N
it
-
ol
o
ol
N
do
ol
ol
2
yus
RS
=2
>
rr

F M 1% olgstel AdYoR FARE A9 28 7@ St $4

Ayl

rir

o

WalE Agets AHEE gpolM © & dRE sk adA sk Fus

T WA= 899 common-gate 7F9 o]&olt}, FF AOE ©& EHuto|

AAAZ ol f= PHT FE Asvhe Y A sl W] fEolth, T1eA

_49_



-

f

7]

& o] A]

==
=

EW@A2~EH(MN)Y

el

7t Ao
915MHzol

pu

R

[¢)

EE
7]

yu

o] Hm dAT A7
-

12

S
g el AFdd)7t #Hadhs

LS

=
=
1=

f AY %

=
Eo A wjzrt

A

kv
i Bl

FO 5

=
=

o]
H

Tl wlEsta Jg s 59l
B

=

=

2}
2]

stol el A4

(20)

]_

Bl MN9| ft

Z7

2~

EdA2H9 B2 T

500fP)&

WA H Ao Ho 5

=
1.5mW)

F i,

2120014 48 who] Al o] A7](Pin)e YA 9

o] A7) AFel nids[14].
o= Ay oz EMWAAE A FAFIF(0)7) &

71 ) A E] (Cex
A E(0d

(Id)
QEL

<

TE AR A

=
=

< F9o® <tHY

HH

HaA =

o15E §45

s

<

A

_50_



- 299 44
el AL ool WAL FaAstel AdAd ey g Bk
915MHzel A vl A Aol 97 a4 W ALELoust A& ANAE

(Cout)e ol&e L-"id= & st3lor 50Q9 Stelvtel wAde st7] Hsl =

= RCAHEE F=3lo] 320 HLAZ] post-layoutr| E# o)A #ul olyjg, 1
= 9}o]o](bond-wire), ¥ =(pad) 28]a2 Ed2n]A 2l (transmission line)S #A
ATE, A aga YR RUgs st 3.38). EdznAdeiele
PCBE 7@ ¢ A= PCBY AWE Cadenceiibe] EAx ulAd 2ol Axb
71l Agste] 7Y I RE FESt]l gz AR sitHad 3.39). ¥
3.402 Axtd EdavA 2ele) Are wpgon FE¥ Netlists 0]8810]
S-parameter AlEHIH AHS s 1 545 dE 2™ olv. fsk= RF
T MW=Ll (910MH2)W 9ol Al -1dB o]ake] &4o] e 21 & & 5 9
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Length * resistance Length *inductance

0 .

Bond-wire equivalent

Length * resistance

Pad capacitance —

N

PAD equivalent

% 3.38 wstoloj(sh)et =(okeD el V1 HetE e St 2 T

File Options Hel)

Zo = 49.2538 Ohms

Vel = 0.553447 ¢

Rdc = 0.572345 Ohms/im
Fe = 45.2327 MHz
td=3.0114e-10 s

air, er=1

er=4.3

Ground Plane
Transmission Line Type 4 Microstip - Stripine - CPW - Sublossiine

2| Ho.of Lines [1 i

Dielectric Constant (er) [4.31

Dielectric Thickness (d) [500 um

e (o) // Gaussian quadrature model to transmission line .
‘ // Transmission line type: Microstrip
‘ // Number of signal conductors: 1
Conductor Width [1560 | um subckt tline (in0 outO ref)
Conductor Thickness 20 um 10_0 (in0 n1_0) inductor 1=7.04255%~11 =1.30345%-03
I 11_0 (n1_0 n2_0) inductor 1=2.760194e—10 =5.108652e-03
I 12_0 (n2_0 n3_0) inductor 1=4.041994e-10 =7.481047e-03
13_0 (n3_0 n4_0) inductor 1=4.041994e-10 =7.481047e-03

Ground Plane Thickness (20 um .
) 14_0 (n4_0 n5_0) inductor 1=2.760194e—10 =5.108652e-03
round Pane Cancuctiity (5627 S 150 (n5_0 out0) inductor 1=7.042556~11 =1.30345%-03
Signal Line Conductivity [5.67 Sim c0_0 (n1_0 ref) capacitor c=7.331083e-14
Conductor Length 50000 um c1_0 (n2_0 ref) capacitor c=1.480995%-13
Fmax [10 GHz c2_0 (n3_0 ref) capacitor 760282e-13
c3_0 (n4_0 ref) capacitor c=1.480995%-13
c4_0 (n5_0 ref) capacitor c=7.331083e-14
Calculate Parameters | Create Macromotel | ends tine

19 3.39 Cadence jile] Efdlzv]A 2}l AL E o] &gt PCBEA 1A g2l

A (QE8%F), Alnkol o gt =549 Netlist(9%)
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S-Parameter Eesponse
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—3.04

RER

10MHz, -949mcdB

T T
500 1.0
freq (GHz)

a7 3,40 Edam ATl AC
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S-Parameter Response m

522 dB20O

5.0

-357 _'/915MHZ, -37. 3R

—40 T T T T
400 L&00 .B00 1.0 1.2 1.40
freq (GHz)

13 3.41 S-parameter Al Ed oA A3 S22

Periodic Steadhy State Response m

OUTPUT POWER. (dBm)

compressionCurves

10
]
Output Feferred 1dB Compression = 2. 86474 |
5.0+
0_
=50 1=t Qrder
_10_
Port = "JPORTO"
=15 +
1=t Order fregq = 915M
-20+ +
_25_
-30 T T T
-40 -30 =20 =10 0]

FEF_amp {dBm)

a9 3.42 dY FE7]9 P-1dB A%
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ouTESs

2% 3.43 post-dlojolx AlEH S AT WY FH7]9] ook

£ 5 A FH7Y AlEdeld A%

Parameter Value
Output P-1dB 3.8dB
Maximum output power 0dBm
Power gain 13dB
S22 (output return loss) -37dB
Current consumption 3.3mA
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Aees FAsts 4 AE 259 AlEdeld HS: o dolA +=3 =3

ol HoM= HE AAE AlEdHoIAe Tl A5 v 2 AdE A A

3.3.1 High level A|Ed o)A
High Level AJEdo]AS T3] o5 wntx T3 S I9H  3.440] 33
el AE @S AA o w HF FHo] Hd 0dBm 7HA] AP A2 2 o]

HoES slok @tk ¢ el Wel: 74 vl el ueh 47 BEAS

2 el AAREE A9 B4 S8k Wl ueld st o5

A 7w s Aotk 1 A AgAY o5 nkd B o v s

Variable Gain

DAC Low pass filter Amplifier

Up Mixer PowerAmp
0dB -40 ~ 40 dB -5~ 15dB 15 ~ 20dB

18 3.44 AA AEcie] B2 W o] npa
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¥ 6: ZigBee AEW FAAES A7 AT

2 B
Ase] £E5

ol

ZE!

Up— conversion mixer

gain : 4dB, [IP3 : —19dBm

Power Amp

gain : 15dB ,P-1dB : OdBm

VGA gain range : 80dB (-40dB ~ 40dB)

LPF pass—band gain : OdB, tunable cut-off freq : 2~5MHz
'TX output max power |0dBm

E 7 AEYNA HAF5e T AT A

Agerel 2% A% ABol 2%

Up—conversion mixer

gain : 8dB, [IP3 : -—17dBm

Power Amp

gain : 12dB ,P-1dB : 3dBm

VGA

gain range : 80dB (-40dB ~ 40dB)

LPF

pass—band gain : 0dB, tunable cut-off freq : 2~5MHz

'TX output max power

0OdBm

_58_




3.3.2 Pre-layout A &d#o]A

gz A AEIolAL  cadence it9 composer?} Analog Design
Environment® A48tk TSMCO18 CMOSEAH & A% =lon] Algd ol
= A% &4 FAErlEl= TSMCARAl A wroba 2Qls 8 sl #lolobs2
virtuosog ©4 ato] A FF sln. AAld =E ASs] At AlEd
o]Ad "L DC analysis, AC analysis, S—parameter analysis, PSS(periodic

steady state) analysisE ©o]-23}% ).

7 de iR A JA Aledold AdE o] FollA nd Aeoln. dEel
#HF =90l 0dBme] =7] gk 74 ©@of o5 =dE 3 sijlon Aladeld

Aot AA dsdo AJEHUolA A= 50 Ohm Y-3Hantenna)ol] 2= HE HF
=9 Iy 2dEZS g Zlojg, ' 3479 Y ~HAEZHLS

PSS(Periodic Steady State) Al&# oS T3 AS59 Aoty = 23 0dBme
5

= A~
ol & 4 A

filo

Ze 2dEdo] 98t FREO15MHIOIA ot 2

O9 3482 HF 9L dygoz 9l gk A3 oy 50 Ohm¥F-3lo] 750mV 2]
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Periodic Steady State Eesponse m

—~ pPORTCr (FOUTPUT fgnd!y)y; pss dBmP

25.0
915MHz, 0.0dBm
0 L
-25.0
=500
=750
- ‘ “ “ “
-125
0 2500 pels Ny FL0.0 1000
freq (MHz)
O9 347 AEsde FHF 598 ~FEY AlEdold A3

Transient Response m

— T /OUTPUT"

1000+
750,07
5000

250.04

Wi

0
-250.0]

-500.0]

-750.0]

—1000- . .
2.0 2.05% 2.1 2.15
tirme (us)

¥ 348 AFe HF =9 3 AlEA Ay
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3.3.3 Post-layout A|&# o]

Post-layout Al&# 08-S 9438t AMEe & DIVAE o] &3kolth AlEd oA
< fet "AE 2= DRCeOF LVSE B3t #ololg-o=® tiA] ¢t} post-
layout AlE# ol 782 DIVA rule 39S o] §3to] 7|4 Asjr g} A

g dojolg o RE FEale] shte] BEow WE F AFoA B7dA )

post-layoutA| Edlo] A2 dutd oz 7|4 Ao o3 Fu¢ FHEIH o] 5o]
ofA = AFrE yEhdn 2 £ AA Al o5 2dY Fae 2d1S @ F e
=2 s = oRxA TdAE olgsto] A EHH ARE B 5 vt 2
sto] pre-layoutAl&d ol Aol 2 Ayt o= =4 Sk3lth post-

layout AlE#olAS 7] gk dojobx 17 3.50 o Xo] Hrd 1Y 3.49

of7b A MR, A PL WEAS wel g BHow s 98 1A

AA AR WS Wel 49 Adel exE Fola} st
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of Yelit}. oln] z+ &= H(LPF, VGA, Up-conversion mixer, Power Amp)
AlEdElo] A3} post-simulations g U, A 555 74 sto] #lololx A4
< 7] wliol pre-layout AlEe o)A Axpel wo] Ao] A ke e & 4
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Perindic Steady State Response m

~ p{PORTQ:r (fOUTPUT jgnd!y); pss dBmP

25.0

ﬁl‘lM Hz, 377mcdBm

-25.0

-50.0

Y0 {dBm)

-75.0

-100
-125
-150

700 LB00

600

11 1.2

a9 351 AEde FHF 528 ~FE- post-layoutA| Ed o] A Ay

900 1.0
freq {CHz)

Periodic Steady State Response m

v JOUTPUT; pss (&)

1000

FE0.0

500.0

250.0

Y {mv)

-250.0

-500.0

-750.04 T T T T 1
0 100 200 200 400 500
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a9 3.52 AEHY FHE =9 33 Post-layoutAl &Ed ol Az
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3 Chip A& R TEST 23}

o
N
o

ol
ol

A AFE A ARRS 2" 4000 YERASlT PCBE Algtd AE o
7] gk A o] a9 4.2, ¥ 4.3 o ®B AAY A A A9
7104 1.8Vel M-S &Fatn] Z2F o o5 2d dAE HAE Ao R HolA
=9 Ao W o5 2AZ FYsAY. HAES post-#lolob AlE# o]
7Ze Ao 2 5MHz 500mVp-p A& & <171sle] 915MHzol 4] 0dBmo] Q=

AL ~AEY ojdglo]AS Ea < stAtHad 4.4). APFH Huy =¥

&tz F3(915MHz)ol A -10dBolste] &40l 54 Hdn. oA or Faldte]
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Input : 5MHz, 500mVp-p
LO : 910MHz —5dBm
Output : 915MHz 0dBm

RF output

——

Spectrum analyzer ZigBee test module Power supply

a9 4.2 A5 HF A2FEHS 1Y) 9 HAE wA
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Signal
generator

Spectrum
analyzer

X module

a9 4.3 HA "H2E 34 AR

Ref 16 dBm Atten 20 dB -0.249 dBm
Samp
Log 1
10
dB/

Marker 1 f\ 2

915.000000 MHz

-0.249 dBm

v LW RF #H W g fh

Start 900.00 MHz Stop 930.00 MHz
Res BH 270 kHz VBH 270 kHz Sweep 1.6 ms (601 pts)_

I
i)
W~
=~
e

B8 A5ao

o

= = =
29 ey
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B A7 &% "

AAE 900MHz ZigBee g $Alere X

AFE 13mA & =4 59

o 7129 oln uegls A3 mud & dE A 24GHao Fug welE

2 A& PLLo| F715 0]

glom FAe Hol xokd 7

gk Blals o fHAwE ofn] pefgl

9lom LPF9 VGAZF

.ol Hol A9, GSMC 0.15um3
829 MIXER, PLL, PAZ FA4H
= e H vas 2ok

o o

%5 97 e ol W= 4

gk mlals o HARE, F 8ollA F Y ARF AR disiA wlag AS uE

23]

8 8 3 Agd &

A i

This work (900MHz ZigBee

Transmitter)

OKI jiil: 2.4GHz ZigBee

Transmitter

Process TSMC 0.18um CMOS GSMC 0.15um CMOS
T EF LPF, VGA, MIXER, PA PLL, MIXER, PA
AFAE 13mA @ 0dBm output power 17mA @ 0dBm output power
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#9 549 $Ade As Ay

Parameters Value
Operation frequency 915 MHz
Output P-1dB 2 (at highest gain) dBm
OIP3 12 (at highest gain) dBm
Gain—range variation > 46 dB

LO suppression 30 dB

Supply voltage 1.8V

Current consumption 13mA

Chip size 2.50mm x 1.5 mm
Technology 0.18um CMOS
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Wireless Personal Area Networks(WPAN, IEEE 802.15.3)¥ %0 wW&ste=
ZigBeed &8& 98, AdEoR FE¥= 915MHz 0.18um CMOS #&&
(transmitter)E T35ttt A4S LPF (Low Pass Filter), VGA (Variable
Gain Amplifier), 23 @A (Up-conversion Mixer), A& Z2%7](Power-Amp)&
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e
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filo
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T4 7] Hal 72 BE dE
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ABSTRACT

Implementation of a CMOS RF Transmitter
For ZigBee Applications using power amp

with low power consumption

Kwon, Jae Kwan
Dept. of Electrical and Electronic Eng.
The Graduate School

Yonsei University

In this thesis, we implement ZigBee RF transmitter for IEEE 802.15.4
application using CMOS process. And we proposed design technique and
theory that operate high performance and low power transmitter which consist
of Low Pass Filter (LPF), Variable Gain Amplifier (VGA), Up conversion Mixer
(Mixer) and Power Amplifier (PA). LPF in the transmitter is designed to
control cut-off frequency between 2MHz ~ 5MHz and VGA that adapt V-I
control circuit and VGA core circuit which have wide control range is designed
to control gain range between -40dB ~ 40dB(80dB). And Up—-Mixer that can

control transconductance using transconductance—stage is designed to have
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high linearity. In the last, Class A power amplifier that is added common
source stage is designed to operate low power. Simulation is verified by post-—
layout simulation to reduce experimental offset, and adapted post-layout
simulation by modeling parasitic parameter. It is tested by implemented chip
using TSMC 0.18um CMOS design rule.

As a result, transmitter is implemented high performance that control gain
linearly and operated in 915MHz frequency with required output power level
(0dBm). Compare with other ZigBee Application transmitter, it measured low

that consume 13mA.

Key words: ZigBee, CMOS 0.18um, LPF, VGA, MIXER, PA,
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