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Abstract

In this thesis, we focus on the combine of the passive balun and
active mixer in radio frequency integrated circuit. In the last, we will
present the driving amplifier in millimeter wave circuit. The operating
frequency is on 60GHz and using the micro-strip and coplanar strip line
to implement.

In passive balun, we implement the Rat-Race and Marchand balun
by using the TSMC 0.35 um CMOS technology process in circuit design.
Because the passive circuit always-eccupy much size in the integrated
circuit. So we miniaturized the 'Rat-Raee and Marchand balun in design.
And we implement the micro-mixer in Cherry-Hooper technique by using
the TSMC SiGe 0.35 um BICMOS and TSMC 0.13 um CMOS
technology process, respectively. The Cherry-Hooper mixer shows the
wide bandwidth in high frequency. Besides, we combine the passive
balun in mixer to Rat-Race and Marchand balun mixer. On the other hand,
we design the driving amplifier in millimeter wave by using the WIN
0.15 um PHEMT process. And flip chip this amplifier to compare the

difference in performance.
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% 2.1 Transformer Marchand balun Summary

Frequency 11 GHZ
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B
J B 225 g~ Ew 4= S1L R Rl % 7 v 2 SI1JCSGHz 1)
15GHz ¥ 7 -10dB 12 ™ » 57 ¢+ Marchand balun £ 3 254 3 4F e

o £ d B 2.26 Magnitude (S21 & S31) % 5 » & F ehx | ¥ L 7 A 7

i

dB 2+ » #z s rda @A 2 %2 1 L AFE F) L A
oAt fArE 4R 2R & o 4o b A B Transformer 2 & e d4
(Connecting Line) = £ > %3 180 um - 4 2.28 Die photo 77+ ¥k
¥ e1 Magnitude # = - & ] 2.27 Phase difference 4% % 180 & = + >
A TG R R RFIV AL RRE o F]5 R 1L GSG A
B2 3 E4R " GSGSG 4> LB RIFL EiE- Kk FER > A
AEH 1ok 2 FF > 35 5 3 03t A Terminal # > 7 2 £ 7] S21 & S11
SF o4& F L £ P S11 2 S31 e pFde 3 2 3R A4 Terminal - -

AT Rl A2 Y & JF & (Calibration)® =t » frE R ek ] B AR A o

26



FoF BB BB LAELAPRRF

2.2.4 fe] v &R B4 ;5 Marchand balun 2 15 £ i

e e ¥ 57 % Marchand balun { 4e enjice] i > % B

‘_

PR S Liabt F EEFUE BN Al R

o TEL R APy AmAF B T W ] 1 e p re 4] TSMC 0.35 um

Portl.  O/C

i Hu
Port 2 Port3

] 2.33 Miniaturized Transformer type Marchand balun

10F

a5k

dB

20}

-25 E— f _
; —=—dB(S(1,1)) ]

30F —o—dB(S(2,1)) E
35 E— dB(S(4,1)) _

40 s s N
0.0 2.0G

4.0G

6.0G

Frequency

8.0G 10.0G

B 2.34 S %-#

27



¥oF RETELAERFZAFEXF

360_'"'I""I""I""I""I"

300 - —o— phase(S(2,1))-phase(S(3,1)) _

Phase difference

0.0 2.0G 4.0G 6.0G 8.0G 10.0G

Frequency

i8] 2.35 Phase dieence (S21 & S31)

Die Photo

] 2.36 Miniaturized Transformer Marchand balun die photo

28



FoF RETEBALALRAFLLDHr2x

% 2.2 Miniaturized Transformer Marchand balun Summary

Frequency 5 GHzZ
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S21 -9dB
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Phase difference of sum port 180 deg
Die size 0.6 mm x 0.7 mm
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~Z,c0s6, (b +hb,) + jZ,sin 6, (b, —b,) + jZ,Y;sin 6, (-1-b,b Z} +Y,'Z7)
20086, +(Z, 086, + jZ,5in 6 ) (b +b, ) + jZ,Y,sin 6, (1+b,pZ7 +Y,/Z?)

1le

2
20050, +(Z,c086, + jZ,sin6,) (b, +b, ) + jZ,Y,sin 6, (1+ b, Z7 +Y7Z2)

SlZe = SZle

~Z,c0s6, (b +b, )+ jZ;sin 6, (b —b, ) + jZ,Z,sin 6, (-1-bp,Z} +Y;Z7 )
20086, +(Z, 0086, + JZ,sinG,) (b, +b, ) + JZoY, sin 6 (1+bbZ? +Y7Z?)

[S] :{Sn S12}
° Sy Sy o

~Z,c0s6, (b +b,) + jZ,sin G (b, ~b,)#[Zg¥,sinG, (-1-bb,Z7 +Y;Z7)
20056, +(Z, cos6, + JZ,sing, (B +b,) + §Z,Y, Sing, (1+b0, 27 +Y,Z?)

22e

110

2

S120 = S210

" 20056, +2, 056 (b, +B) FiZgSING (B, +b, )+ JZY,sin 6, (1+bb,Z7 +Y7Z7)

~Z,c0s6, (b, +hb,)+ jZ,sin 6, (b, —by) + JZ,Y,sin 6, (~1-bb,Z] +Y7Z7)
20086, +(Z,c0s6, + jZ,5in 6, ) (b, +b, ) + JZ,Y,sin 6, (1+bb,Z7 +YZ7)

220

Wik m (7S Sl Bd R B R p RILE

1
S34 = S43 = E(Slle - Sllo) =

jZ,sind, (b, 1))
2¢0s 6, +(Z,cos6, + jZ,sin ;) (b +b,) + jZ,Y,sin 6, (1+bb,Z] +Y;/Z7)

SlZ
d bogoinde E A {8 F g ) Phase Inverter #& i1 180 & vk o 1

1 3
r2 4 * Phase Inverter 4c Zﬂ? B~ oA 8 BT ) Zl Rat race °

& T ] T D e
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2.3.3 2 4p 3 (Inter-digital) £ 4p = & & Rat race 3% 4 17

z_w ¥ Plhee )% 4p 2k & o> ;N - Ratrace (hF B © ot &)

F_&

A g 4 B defe 11 % 9 1y 1L (Stepped impedance) #- % X5 S35

R 1 enp e e Bt R R € 14 TSMC 0.35um CMOS 4

SRS

ﬁﬂ-

R EURLpAEF s R I HRFL R T AP
rodeim - & A4 el i AL ] 2 44 11 Stepped impedance
ki 7|[15] > » i}u{;ﬁ,#&)@ ﬂ\mxéﬁéf]/ﬁ{ - B MFERL B EFL~ K
h%ﬁﬁm@%ﬁ’wﬁgi@ @%ﬁiﬁﬁ

B - & kst 2@l Fiess Zo o 8 ABCD w1 T
11457 % A=cos Bl - B=jZ sin gl <C=jY singl . D=cospgl - #

Wi L FBETTHE N

o— 4,-Z, Zzz - le —O
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(e, O

B 246 7 5 BB er T %3 &
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X | detin
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I
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- B BT R o WEE FRERAMOpER ] ST E X =0
B=Y,sinfl » 5ip @stzeg s 231 i BEHNTE -
300 Penpr g o AP E aeig Stepped impedance 2. XFE R
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(RN R SR A Eg LRl

@ g Fﬂ#u@ﬁs?]fs'ﬂ? d Bl 248 47t 2 ¢

0, 0) o—O0——0—O0
Z,0, E Z6 2,0, Z6
0, 0) o—O0——0—0
] 2.48 Step impedance % >z i1 7, B

A AR A K S ABCD B4
[ cosé, jZ,sin@,

A B[
C D| jz—sinﬁo cosé,

0

A B cosd,  jZ,sing || cosé, jz, sing, cosd,
{C D}: jzisineL cos b, jzisineH cos b, jzisiné?L

L H L

BX 7, <<Z,<<Z,

Pt aEs Beel B dpE e SEAR Y 67 1)

cos® 6, cos 6, —j—LsiWos 0, —i—“sin 6, sin @, cos, —sin® G, cos b,
H L

Z,2

2jic056?L cosd, sing, — j—"-sin*g,_sin g, +jicos2 6.5
ZL L ZH

2
2jZ, cos@, cosb,, sing, — ji—Lsin2 6, sinf, + jZ,, cos’ G, sin b,
H

cos” 6, cos b, —§—L ing, sing, cosg, —i—”sin 6, sing,, cosg,_ —sin’ g, cosé,

H L
EREEETEDT S R
7 Z,siné, 7 _ Z,sing, sing,
H L

= - 2 —_
sing,, cos” 6, 2c0s 6, cosb,

FRABENAPT UARETF R RESL S
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234 2dpAlip e F @2 A LR B T LR

P 6 8% S gy o PR Y AT F A AR R e
RS Tl T TR AR 249 A1 o SAEL- RAe A R T
& ;& E(Coplanar waveguide) s ;i » > ARis e 2 2 T 6 fcd R
(Coplanar strip-line) » 2 ¢ £ i R ifc & HIE T HE RS &
¥ F v BenPhaseinverter 22 7 180 R ek B @R L F & %;t
év’ﬂﬁéi%lfs’ﬂu %ft z’v’v@ﬂig?]fs'wnj Phase inverter kB~ & >m ¥ » %] % phase
inverter » 3® A L BE P Aok o *%fiﬁ?@ﬁﬁjﬁﬂ'ﬁ” g
BUAp AR F Y NI 6 R R Y B et £ R AR
B oo #e % 1 EM HCRRCAEIESD fiosR B 12 R 2ok 4§ F 4

PEEARARF @ 33 SIEAEHE £ A% TSMC 0.35um CMOS %

Fe gl iF o

\T.EDCE}" f

[
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B8] 2.49 Inter-digital and phase inverter Rat race
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10 _' 1 1 1 1 J
Of ;
Tl o LT -
-10 - = vif”
o 20 [ —m— Simulation_dB(S(1,1))
© i —e— Simulation_dB(S(2,1))
[ Simulation_dB(S(4,1))
-30 —v— Simulation_dB(S(3,1))
[ 2 igasure ]
-40 b
-50 N PP N B TP P
0.0 5.0G 10.0G 15.0G 20.0G
Frequency

] 2.50 Magnitude (S11 & S21 & S31 & S41)

360_"I""I""I""I""I"
300 | s
Phase(S(2,1))-Phase(S(4,1))
e 240 | s
c
I
o 180 F ittt h
'-5|
)
@ 120} 3
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o [ —m— Simulation_phase_difference
60 F —o— Measurement_phase_difference 2
ol o o o o0
0.0 5.0G 10.0G 15.0G 20.0G
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] 2.51 Phase difference (S21 & S41)
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Die Photo

% 2.3 Inter-digital Phase inverter Rat race Summary

Frequency 5 GHzZ
S11 -11.5dB
S21 -7.3dB
S41 -6.7 dB
S31 -38 dB
Phase difference of sum port 180.68 deg
Die size 1.5mmx 1.5 mm
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% EitH
d B 215 mmx15mme ¥ o d [§ 2.52 Die photo 5
T 2E¥ 4> ©41* NDL & Four-port 52 4 47 ke 7 £ 0] > F 5
PR EE G T 4(GSG) » B oA BRI TR S T A B (X
Calibration Kit) » = & 8 ¥ & £ 3] 20GHz~30GHz @ = » #7110 igs
Ay AT ERR Y gDl 4 154 10GHz 5 ¢ gk o
d Bl 250 2RI HRT MR TR LA DLIRD LE gl

i+ 5GHz~15GHz - S11 *‘]'5'375 #-10dB 14 » @ ® Magnitude & - pE &

— A FlE A AT B JE S s o T BRI % S21 e

S41 % -TdB =+ » 13 AT L e B > 5 7 7 2 icF Hen
F NMEFA S et £ #8201 e SAT ¢ Magnitude Bk LT % -

v ob S31 il ik o o WY 2 TP B 0 - B 3] 20GHzZ #8E_f

300B 14T v ARt fedf BTUHAL R E UL A A2 7 IR A -

—L,\:L

Bl 251 RIS &7 Mg r NP Ap 27 ¢ i@ wAE S
R 180 Rzt 0 Bk 2k £ 0 JB 4 (loss) sk o § 4
Fi# e g(low) ~ % rege(high) ~ MrEf(low)4p B eh™ 3¢ iE )]
prh A% i E B I 4p = F & (phase inverter) = ;¢ @ gt 4F LT Die
Size = & 22mmx2.2mm > #7r2f* Step impedance = ¥ k-7

Bt ] 0 60% % £ 0 T 2 RS TIF TR S s
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235 RBEA N ppirF L L LA BT ITEER

ez w et M RREAN 2 e sk gors 0 R fgsEl £ layout

=f

B AT A e T AR A R R BANE R TR

f1* TSMC 0.35um CMOS @Az i¥ o T ¥ 78 Hdeo B 2.53 #77
\I:T I

] 2.53 Transformertype phase inverter rat race

e ERS %

lo_"l""I""I""I""I""I""I'
oF 1
-10f ;
20F 1
ot :
© -30F ]
L | Measurement_dB(é(Z,l)) ]
40 F Nu —v— Simulation_dB(S(2,1)) 3
[ l'/ Measurement_dB(S(3,1))
[ gﬁ —<— Simulation_dB(S(3,1)) ]
50 F Measurement_dB(S(4,1)) <

1 —o— Simulation_dB(S(4,1))

_60'..|.. 1 1 1 1 (PP |

0.0 5.0G 10.0G 15.0G 20.0G 25.0G 30.0G 35.0G
Frequency

) 2.54 Magnitude (S11 & S21 & S31 & S41)
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360

300 | 4
Phase(S(2,1))-Phase(S(4,1))
© [ 3
@ 240 _
o
@@(((((((((((((
3 [ - (((((«t(“‘&‘“ ((«(«"«(«««
= 180 | T« (O o
'cl [
q" 3
@ 120F 3
< [
- —m— Measurement_phase_difference
60 | —O— Simulation_phase_difference 3

0'..|.. [P B | 1 [P |

0.0 5.0G 10.0G 15.0G 20.0G 25.0G 30.0G

Frequency

B8] 2.55 Phase difference (S21 & S41)

Die Photo

] 2.56 Transformer phase inverter rat race die photo
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% 2.4 Transformer type Phase inverter Rat race Summary

Frequency 15 GHZ
S11 -36.5dB
S21 -9.3dB
S41 -8 dB
S31 -26 dB
Phase difference of sum port 180 deg
Die size 1.0 mm x 1.0 mm

$d B £ 1.0 mm x 0 mm w2 d B 2.56 Die photo 5 21 &
B A 2R HHAL © 1 NDIen Fourport e 5 4 47 k& 7 £ P > 2 gt
TH G260 T 4(GSG) s duDiesize ¥ g Mt A Al ens B LR
TE 2R L Aedg] o i & Transformer type 4 fie o f4R] 2.55 % 5
ﬁa?lﬂﬁ% LA 2L balance 73 5L & _S5GHz ~ 25GHz A - AR aiF A 180
B Ztehjpirem B 254 ¢0S @ity a0 £ I rat race s

Mo B2 2R Magnitude £ 7 < 5 1dB > e iE 37 feo] 1Y 0P e
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e

f

236 " RREIUS A EF WA LR B IE

21 § P
WL G g F e L0 Heratrace { e i) o iR R
Transformer type 12 ¢k » & 41| * i‘i@ﬁi%]fs’ﬂ& Ao pehS R RdE Y

FAR S o R FR S AT R TR A A H Y T T

Mool v enp e e R JE 4o 257 #7om foratrace i 4 F T F

10 LI R R R B R AL R B R
! —u— dB(S(1,1))
of —o—dB(S(2,1))
- dB(S(3,1)) y
i —v— dB(S(4,1) —
WE Ry ;
¥ ]
o 20F ]
© L
-30F ]
40 F ]
_50 :. PURE U W S S [ W VN S S N S S U S [ S S S S N S
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] 2.58 Magnitude (S11 & S21 & S31 & S41)
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360_"|""|""|""|""|"

—o— phase(S(2,1))-phase(S(4,1))

Phase difference

15.0G 20.0G

M PR IS
10.0G
Frequency

B8] 2.59 Phase difference (S21 & S41)

0 :. PR P W S S T S
0.0 5.0G

Die Photo

] 2.60 Miniaturized transformer phase inverter rat race die photo
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% 2.5 Miniaturized Transformer type

Phase inverter Rat race Summary

Frequency 5 GHzZ
S11 -13.34 dB
S21 -10.7 dB
S41 -8.9 dB
S31 -31.7 dB
Phase difference of sum port 180.8 deg
Die size 1.0 mm x 1.0 mm
QJ- -gc p"\i —‘.J-
* 7B e 518 AN aaratrace £ phase inverter £ 4c + transformer

type th= % 0 L {17 T BER E A ¢ BT < A A i

oI EL I FMTEY o F 4% TSMC 0.35um CMOS % 42 # i¥ o
APT UEBRDE D - R L B ANE TS 5GHz A

Size /4% 1.0mm x 1.0 mm > v 4> 8L F % ] 5

=H
Y
sig
g
A&
)
&
_ﬁ.
N
W
‘5

Magnitude 7 £ 7 #-i7 2dB > e ¥ 7 R B RAFBE & > F] 5 Gilbert
mixer ¥ Magnitude &7 <X 225> T R 4pixiv a4 180 & ¥ > @A o

Z]

B 2.59 ¥ 5 1€ 2GHz ~ 10GHz #p i % & Mel180 R =+ o

50



#=3# Marchand balun 2 247 &z 7+

e I

e

* = X
Marchand balun 2 % #F Bz 7+
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3.1 =

o

AP R o R B - BRERDES c AAF HER
o3 w2 92w 74k 3 o Marchand balun # & 3R 48 BA2 > @ R AE 2

7 - Gilbert cell mixer = 2 %8 » ¥ % & Mok &3

oy
=
\31
w

Marchand balun #1 & 2 > differential 3u 5L % **RAF B H LO =5 > ¢ F
* Rl et S s R RS o AP AR TR TR - KA

TR ORI ERT LOE RFaOp L2 ¥ £ & 50 £

F (A F) ~ 48 5 (Bandwidth) ~ 52L& (Linearity) ~ Noise Figure(3e
dp d) ~ AR IR AR (R R ) >80 i # 7] (Dynamic range) ~ #
#=4F (Power Consumption) ~ ="F# & %7 2L(Third order Intercept point) %
WGP T JgenE B R T RR FIREREG TR o
3.2 Marchand balun 2_ ;R #g B 3+ &2 § I
7 Ef1* 7 TSMC 0.35 um SiGe BICMOS %@l #2 3k » F -
P ol B 10GHZ = + chd maF g ACRAE B[1] - & 0 0 2R
b 0 eRAE B LO S RF 2 IF 4395 Mgy~ (41) 0 & LO
¥ * P - F &3 7l Marchand balun & #-7 T =13 5L 5 T 5% e
A & RF )Y MoR A B e N E R~ 0 A IF SRk

Cherry Hooper 7 1 3% & Buffer - #- diffrenctial tu 5Lk 5 B =4 ﬂi,q] ° R
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Be 3 A Ae ] 3.1 46T

Marchand Balun

- _/
Shunt — Shunt Feedback
Output Buffer

] 3.1 Marchand balun £ Cherry Hooper #it+"% 4 B 7 B2
321 & R ik » 1R

LO =% ik * Marchand balun 2 # differential 2t 5% » 4] 3.2

4t Marchand balun #.d & B o & 2 — 4 &

™

transformer #7 % = » 2 5Ld portl &2 F| ¥ - =3 5 B E > 8 & 7] port2

feport3 &1 2 > ® % differential 255 > ¢ & 5 Common ground - & %
L3 RAFBpEF > LO #1Z & nDC 2824 Common ground 78— ZLiE »
AAEE PN o gt Marchand balun £ 4B~ - 3 & #rif 2 Type | 038 4 o

U
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i8] 3.2 Transformer Marchand balun
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cell h g S48 A& 4 JRAR T % T Ft e
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ATERAEFY Gilbertcellmixer 5 1 & FHtfre - d 2 BT &
WUA - BEAHTAEM > 3 LORER AR T HWLRE i, 7
F IR RF o LOELA 24 JRAF ok » Flm A 24 g2 $ 0% o 3 3
SR~ 18 (RF) iR AR 1R[] 4r ] 3.3 i » i Fo s
% > #+ - B Single to Differential 22 £ £ » T rl~r3frT & W
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- E 4p mﬁi%] AE o Fp R E’E;#@?J ~ e A 4 differential c7 jn o

Mixer core
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i8] 3.4 Cherry Hooper technique employed in the micromixer
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% 3.1 Marchand balun mixer Summary

Process TSMC 0.35um SiGe BICMOS
DC Current 12mA & 13mA@5V
Conversion Gain 14.25dB@L0:5.595dBm
IP1dB -17dBm
I1P3 -6.5dBm
LO-to-IF Isolation -37dB
LO-to-RF Isolation -37dB
RF-to-IF Isolation -22dB
LO Return Loss -12dB
RF Return Loss -15dB
IF Return Loss -12dB
Chip Size =

Die Photo

B8] 3.14 Marchand balun mixer die photo
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# 3.2 Miniaturized Marchand balun mixer Summary

Process TSMC 0.35um SiGe BICMOS
DC Current 32mA@5V
Conversion Gain 16.3dB@LO:1.5dBm
IP1dB -18dBm
11P3 -7.5dBm
LO-to-IF Isolation -55dB
LO-to-RF Isolation -50dB
RF-to-IF Isolation -27dB
LO Return Loss -10dB
RF Return Loss -20dB
IF Return Loss -10dB
Chip Size 0.9 mm x 1.0 mm
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% 4.1 Rat race-mixer Summary

Process TSMC 0.35um SiGe BICMOS
DC Current 31.94mA@5V
Conversion Gain 11.6dB@LO:0dBm
IP1dB -10dBm

11P3 4dBm
LO-to-IF Isolation -40dB
LO-to-RF Isolation -40dB
RF-to-IF Isolation -45dB
LO Return Loss -10dB
RF Return Loss -14dB
IF Return Loss -16dB

Chip Size 1.4 mmx 1.4 mm
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# 4.2 Miniaturized Rat race mixer Summary

Die photo

Process TSMC 0.35um SiGe BICMOS
DC Current 5.17mA & 18.18mA@5V
Conversion Gain 12.5dB@L0O:4.8dBm
IP1dB -12dBm@L0O:3GHz
IP1dB -12dBm@L0O:4.9GHz
IP1dB -11dBm@LO: 9GHz
11P3 -1dBm@LO:3GHz
11P3 -2d0Bm@L0O:4.9GHz
1HP3 -3dBm@LO:9GHz
LO-to-IF Isolation -50dB
LO-to-RF Isolation -50dB
RF-to-IF Isolation -30dB
LO Return Loss 4 -10dB
RF Return Loss <-20dB
IF Return Loss < -20dB
Chip Size h mm X 1.4 mm

B8] 4.23 Miniaturized Rat race mixer die photo
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Die photo

B 5.13 Flip chip s 30 GHz MS amplifier die photo

, FHHNN %
% 5.1 Flip chip # %; i3,£)G_I—Iz A_[ﬁ:wplifier Summary
Center frequency o 30G Hz
Input Return Loss -10.938 dB
Input Return Loss (flip chip) -12.081 dB
Output Return Loss -8.922 dB
Output Return Loss (flip chip) -24.245 dB
Linear gain 17.502 dB
Linear gain (flip chip) 15.436 dB
Isolation -44.429 dB
Isolation (flip chip) -39.2dB
Die size 1.5mm x 1.0 mm
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Die photo

mplifier Summary

Center frequency 60 GHz
Input Return Loss -4.6 dB
Input Return Loss (flip chip) -1.328 dB
Output Return Loss -5.4dB
Output Return Loss (flip chip) -0.548 dB
Linear gain 15.123 dB
Linear gain (flip chip) 12.067 dB
Isolation -26.714 dB
Isolation (flip chip) -20.348 dB

Die size

1.5mmx 1.0 mm
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Die photo

®] 5.29 Flip chip {¢ 60 GHz CPW amplifier die photo
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% 5.3 Flip chip # 22 CPW.60GHz Amplifier Summary

A A )
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L

A

Center frequency o 60G Hz
Input Return Loss -33.234 dB
Input Return Loss (flip chip) -16.273 dB
Output Return Loss -10.942 dB
Output Return Loss (flip chip) -6.388 dB
Linear gain 5.111dB
Linear gain (flip chip) 4.816 dB
Isolation -33.266dB
Isolation (flip chip) -30.136 dB
Die size 2.5mm x 1.0 mm
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