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Abstract

In this paper, a design methodology for a fully integrated impedance-transforming multi-winding 90° coupler is proposed. The oper-
ation of the proposed coupler was verified using measurement results. These couplers were fabricated using the WIN semiconductor
InGaP/GaAs heterojunction bipolar transistor (HBT) process. To provide an impedance transformation, the proposed couplers were de-
signed with 3, 4 and 5 tumn coils for 50-, 75-, and 100-Q impedance transformations, respectively. The center frequencies of each coupler
were 5.5, 3.33, and 2.47 GHz. Two copper metal layers were combined together with a via to attain a high Q factor, and its improve-
ment was analyzed. The measurement results show that the insertion losses of the proposed couplers are less than 0.37 dB and phase
imbalances are less than 2.74°.
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At Cev AFARE 719 AALE, Cov AFHNES A
A 7+ AL, L& AFMRe] Zolo] oJs 85
S Uehd ol ASAge] AA AL e Ceot
Coe T #olth ke 7 AFAE Aol A AFE
ougtty, A F74 B4 TEM EEolA k=k=kE
THEEt) o] W k=C/CE W5} Mg MZE o] &
g AZee AR 2L W] AR{7E S w(even-
mode)®] 54 UIDXA(Z,) ot THE BFe] AR}

Wl(odd-mode)e] 54 IFHAX(Z,)E 7HA L
HNE AZH EA 01_1,11:-])\(20)}; 7} TEJ 4
4 ANRAAZ)% EY A9R2Z) 123 L, €9
AZ 23 ¢ A A2 4 (1) 2 4 0F 2

Zy =\ %Ly = V L/C (1)

re
i s

>’~2
v
M oy
e o of

Z[)eZOo = ZLZR (2)

AZH7L 249 A0)F 4 W 3R FAR(@)E T
s 4 4 @)% 2

w, =1/ VLCO(1—k) ?3)

AZe 7t o3RO R 4 A5 AHL Hukd Kl
Stk 7HA S o, A9AIS k= 1/ V2 olth A (1) (2)
AYetH Z,Z=L / Colth. o] AL 2 3)F AH
o w, 7, 2 BAHE L7 €9 BANE £&3 }Oﬂ
“@ CE e8G9l BT, k=Cc / C=1/+/2 9]
o AF 2759 #e Fote A2 ted QE}W.

mlm

{0

O

.ﬂ

HARAY dYd L W gFdAd 90° AZH Y AA

_ _vs - C = —

wo/Z 2, w22, 4
Fa} A E 29l 50 Q
ZAste Ze WY
At A f‘ﬂ%ﬂ T Atk OI9 5¢ ZRol 50 o
= ) g0

ol 19 5(a)L A AE IY 5b)E 28 XE
o AP 28— £ Sn)E L sleh. F4) Fot

ooy 2y
r

OL.LAAAL;.; 1 4 T

10 |-
-20 poac

=30 .

S-parameter (dB)

-40

-50 :
4.0 4.5 5.0 55 6.0 6.5 7.0
Frequency (GHz)

(@) Z=50 Q31 oA FFaA 900 ALY A A
54 AlEdeld A

(a) Simulated S-parameter characteristic of ideal lumped-element
90° coupler with Zz=50 Q

-
ry
o

5

Phase difference (deg)
3 8

ol i | N S S
4.0 4.5 5 0 6.0 6.5 7.0
Frequency (GHz}

(b) Zz=50 Q3 °] A FFAaa 90° AZHe] &4 7+ 9
A AEE ol At

(b) Simulated phase difference between output ports of ideal
lumped-element 90° coupler with Zz=50 &

8 5. Z=50 Q3 oA HEaA 900 A Al
ol Ax

Fig. 5. Results of simulated ideal lumped-element 90°
coupler with Zz=50 Q.

831



THE JOURNAL OF KOREAN INSTITUTE OF ELECTROMAGNETIC ENGINEERING AND SCIENCE. vol. 33, no. 11, November. 2022.

T 5.5 GHzolH, A& old9] 5718 Zol AHE 24
59 #2 4 @E ol&st] Adsgnh AxE 2

[2.05 nH, C=0.58 pF, Co=0.24 pFolth. 18 5@l A 9
gog Fo7F dgE T4 T34 5.5 GHzo A through
(S21)%F coupled(Ss) EEZ 77t 3 dBY EH| ™, input
FEO|A ] WAL £2(S))S 59.46 dB, isolated EE o] A

AR E(Sn)T 5947 dBE 90° A& 9] 543 A ek=
A& AT F At T8 5p)elME Y XE 7+
AAA7E FA F344 55 GHzol A 90°=2 90° AZE 9
o4l B4 dXste RS FAT 4 Yu,
I9 62 9 dyu 2t 50, 75, 100 Qo2 HEH

AT 22 90° AZ 9 dolokxoltt. Wil d AYHE

®Input CC% L ;Ir:CG (@ Through
Z cc L o .I.cc
L Zr
I ZRQ Cﬁi L ics Q ZLE
@lsolated (coupled

(a) Zx-50 Qo2 W3hE 90° AZF o] oF+(N=3)
(a) Layout of integrated 90° coupler transformed to Zz-50 &

(N=3)

(MInput Ce . (Dcoupled
e { :
SIS =
T 2Zr Cef L 7 Zg E
(@lIsolated Through

(b) Z=75 Qo2 HEH 90° AZ g o]o}-3-(N=4)
(b) Layout of integrated 90° coupler transformed to Zz=75 Q

(N=4)

(D Input Co T

7€ (@Through

%EH
H-

C. Q Zx

(@lIsolated

ZL% Ce
Zr ﬂ CG% L

1 sz

) @Cou}fed

(c) ZR=100 Qo2 WH3H 90° AZE F o]ol(N=5)
(c) Layout of integrated 90° coupler transformed to Zz=100 Q (N=5)

J8 6. FAstE 90°AZH Y Fojobs
Fig. 6. Layout of integrated 90° coupler.

832



F 218 B2, 4 AgE2 248 95 A%
A QU oz AgEE TRl @ e UAE 9IY

HE MR HX A @A Wzdol 7hotr ARG 79 2AF
H AFYE o] & F Uk 19 6= © 7139
3 Zzol B 50 QO = d X wsto] w2 ofA A7
H AE 9 golokxoltth o7|M dIH A WS F, Z
= WstA7IEE A (@)l oa] L7L° W3 AF gt
Iy Like WS Sls ASAHE] | FE
At ZolH 19 404 Kol 7;14 ol Ce¥t Co7t 71
el F2E Qe BrH s Fsk] wiel T4 F
sl 3 WsteA foh Zee S7HI7IE dSe Tt
Qs Lo] Z7hstedof 817] ”ﬂ—v“’ﬂ AEMEY ol
AAAA Ht. ojwf F4 FuE A7) A=
CCQ/]' Cel 7L°] Haxsto]of gtk spA| Rk 72 yn| ek 7t
= 7K YARIAA et 58 7 Cee 71
X, CG T3 73] Fxol s AR =] wjFel Fhol
Z7Hth webs Zes S7HI7IHA F4A Fa
A717] flelM e AZHE = AFAE Atel o] 7H
HI S 246t o8t Gl ghe 35

N

rl

|

, C %kl Z7ksted T4l F3kr7) WoA =

I 6b)= %S 75 QO W57 9
L= S7H71E 5H R 119 6a)9] 38104 nhg

o7 3 oh ASAZE 3 " 7147
7] Sl Z2t7he] AEA RS Aol & uh vy o At
o= Qs =d4% =9 2E| A AE uH Sl
ol 18 6b)dl 571 S ZEdX 389 through EE}
coupled ZEV} 8 ¥ waE 722 BAHAT T4 F
TR Ceot Gool 3H Wstel 3He) $4) Foenn
S S AR M 1Y 6()s 2 9E2E 100
Q o wasly] A8 Las S/MTE 5HoE O
6b)S] 4EloH F71H0E dmoE & WS Z7hAA
Z 5619 #lojobx FEE TA T I E T4 F
e Gt Gol e W st 4819 T4l Fopeht
o YA F2gi

SEEESL

(PSR TR TR O B V(o

A8l =75 Q& 7Hgste 4 Ft

o
N,
m
)
oflt
o
&
rﬂ

2 WE gEdA 900 A= A

g 33 GHzZ Z=50 Q¥ 9] TA Fu5HT o @
ﬂl AABAL, 2AE] W2 A @)= ARSEkd L4108
nH, C=0.79 pF, C=033 pFL.& A A+a}t}. o] #lo]o}
<o) gapele Qs L, € kol A5 Aolghs 7H el
Hhd Elof Stk I8 7S 275 Qo2 Yue 2 W A

Edl oS M Agolth. T4 F3 33 GHzollA
A AEE 3 dBY YH Y, 29 7+ A 90°9
A& AT Z=100 Q02 HH A F4 F3t
4= 247 GHz, 1=6.45 nH, C=091 pF, C=0.38 pFZ ¢
0
& -10
2 o
g 2F
L0
£
® 30 -
2
B 4ol
-50 i i i
20 25 3.0 3.5 4.0 4.5
Frequency (GHz)

(@) Z=T5 Q21 oA AZEaA 90° AZel ] A A%
5S4 AlEdeld 24

(a) Simulated S-parameter characteristic of ideal lumped-element
90° coupler with Zz=75 Q

-
=
o

s
(=3
o
T
Il

Phase difference (deg)
g g
T T
1 1

"0 25 a0 35 a0 as
Frequency (GHz)
(b) Ze=75 QA oA FFgaiat 90° AEHY] &9 7+ 9
A AEE ol At
(b) Simulated phase difference between output ports of ideal
lumped-element 90° coupler with Zz=75 Q

A8 7. Z=75 Q91 o)Al AFaat 90°0AE 9] A=
glo)d 2zt

Fig. 7. Results of simulated ideal lumped-element 90°
coupler with Zz=75 Q.

833



THE JOURNAL OF KOREAN INSTITUTE OF ELECTROMAGNETIC ENGINEERING AND SCIENCE. vol. 33, no. 11, November. 2022.

T WOl AL L3} C ARt 4 %fs}
Atk 17 8llA Abet Alge) &4
AA7E S F344 247 GHzol A 90° AZHE
& 5 Al o] A EYNE 53

L O

- = o
58 Z7ME A0R YNAE WAL 4 9

A

N
—_

_\1 o oft Y rir
flr @ 4 o

o

>~
=,
2
rulo
< o
re
ol
ol
2
.ﬂ

A A 7B 25 I 99 YERIIT Al
Ztol &= WIN semiconductors InGaP/ GaAs HBT(hetero-
junction bipolar transistor) 274 ©] AFEE It} Yukgo 2

S-parameter (dB)

A
S

-50 H 1 H
1.0 1.5 2.0 25 3.0 3.5
Frequency (GHz)

(@) Z=100 Q21 oAl HFazk 90° AZee Abgh
Ag 54 Aedold 43

(a) Simulated S-parameter characteristic of ideal lumped-
element 90° coupler with Zz=100 &

110

-y
=3
=1

Phase difference (deg)
[=-] w
[ =] (=]
1

1.0 1.5 2.0 25 3.0 35
Frequency (GHz)

(b) Zz=100 Q<1 oAl HFaia 90° A& &9
b 13k Aledold A3

(b) Simulated phase difference between output ports of ideal
lumped-element 90° coupler with Zz=100 Q

08 8. 2100 Q91 O1FH WFAA 900 AFH A
geol4 A

Fig. 8. Results of simulated ideal lumped-element 90°
coupler with Zz=100 QB

834

M2 I4um
VIA 11.8um
M1 T1um
0.5um% “
GaAs 75um
substrate
GND =

8 9. AHEE GaAs 7] 12
Fig. 9. Structure of used GaAs substrate.

HHe A g B FAE "] gt EXs
A, WA e A E A A SR eFth 7P TR
vge] Aol A #a, 7P e Qb 7t w
A dA o R HAATO gt o] ge £ 71X
g EdAx g AZL AZE o] 38 45
g FAE 4 pm, 35 WEY FAE 1 gmolth A=
Ads 3 = QS 471 A8 wAk A AL
MZo A A= ez 51 dgS F7 1.8 £ml viaZ
AAANZ FZ2E AHESIAL, o5 7IWe E AZe & Al
2rst et webs] A W] FAE 68 pmolth AR
H FAA wEe FA wE Qwke] HstE <lat]
8l 19 10(a)e] st AR E o] &35te] EM Al &g ©]
AL At AlEdold A3E 19 100b)el UE
Wl Alsdolds B3l Wge] F7AE 744 AH-E
T5 Aol Yobx Qgkol F7ksl= Aol ElH At
AtE AZe e golobxE WAALE S8 72 AR
2AF AGNAE viag AHEEHA 3 S vigE &k
meE 7H2h Abgate] M= HAA FA aHdeh WAt A
Aol x5 I9 6@l eIt 249 HHlE= 30
pm, 2t =4 Abole] 7HA L2 10 pmEB AAENL, SH
HEg &Y XEE 93 BAE A AZHY A
715 13 6(@)2) 4% 1,250 #m x 650 zm, 18 6(b),
19 6(c)= 1,330 #m x 730 pmo]t}.

I8 112 Z=50 Q91 17 6(a)¢] dlojolS EM A&
Eﬂowﬂ Aolth, T4 FIFE 542 GHz, AY &4

2 3.26 dB, 48] %=+ 30 dB, WA} =42 2518 dB, 914
B4 0.1°2 SAHEAY. I8 12& 4=75 Q% 18

c

l-



TN\

(a) EM AlEgo]del AHEE Wge] +x
(@) Structure of metal used in EM simulation

100 T T T T T

4
Frequency (GHz)

(b) T A WMES AREE EM AlEdlold A
(b) EM simulated result using different thickness of metal
a8 10, g FA w2 Qt
Fig. 10. Q factor by thickness of metal.

6(b)-°4 golob2-5 EM AlEd ol g Astoltt. F4 F

945 322 GHz, A4 €42 333 dB, 4 EE 26.69
dB, WA} £42 1761 dB, 1A EFE > 3.51°§ 245
Aok 18 13 Z=100 Q¢! 18 6(c)2 #olot-S EM
A Eg ol Astolgll 24 Ful4= 236 GHz, 49
£42 339 dB, AElEE 2448 dB, WAl £42 1564

dB, 94 E7EL 3.1°2 SAHAG A A$ BF o]
A0 AEAAE NEHAH 90° AZHY 24 F

HARAY dYd L W gFdAd 90° AZH Y AA

-
o

L5
o

S-parameter (dB)
6 R .
[=]

é T

sol o .40
4.0 45 5.0 5.5 6.0 6.5 7.0
Frequency (GHz)

(@) Z=50 Q% 90° A=l A& A 54 EM AlEd 0l
A A

(a) EM simulated S-parameter characteristic of 90° coupler with
Zg=50 Q

-
ry
o

-

(=]

o
T
1

Phase difference (deg)

Mo a5 50 55 60 65 7.0
Frequency (GHz)
(b) Z=50 Q31 90° A= &= 7 )4AF EM A& ©]
A Azt
(b) EM simulated phase difference between output ports of 90°
coupler with Zz=50 Q

J8 11, Z=50 Q81 90° A& 9 EM Algdold A3t
(N=3)

Fig. 11. Results of EM simulated 90° coupler with Zz=50 Q.
(N=3).

speo} §AR GHS HolT, WakE AT H Aol 24
371 2 2%E FAad

. M&E QNS YOEA HE ISAK
19 4 AR A4 e AR o 7

Z39 F Aot E Agilent N5242A
network analyzer?} Cascade S300 probe stationS 53l

J[N'
ol ]
rlo
~
H«l

835



THE JOURNAL OF KOREAN INSTITUTE OF ELECTROMAGNETIC ENGINEERING AND SCIENCE. vol. 33, no. 11, November. 2022.

=10

=20

S-parameter (dB)

-40

-50
2.0 25

3.0 3.5 4.0 4.5

Frequency (GHz)

(@) Ze=75 QY 90° AZ 9] A& A 54 EM A&l
A A

(a) EM simulated S-parameter characteristic of 90° coupler with
Z=15 Q

-
ry
o

=
(=]
(=]
T
1

Phase difference (deq)
S 8

70 i i H i ; ! i i i
20 25 3.0 3.5 4.0 4.5
Frequency (GHz)

(b) Ze=75 Q%1 90° AZH ] ¥ 7 14AF EM Al Ed|©]
A A

(b) EM simulated phase difference between output ports of 90°
coupler with Zz=75 Q

O8N 12, Z=75 Q11 90° #AE8 ] EM AlEdold 43
(N=4)

Fig. 12. Results of EM simulated 90° coupler with Zz=75
Q (N=4).

on-wafer2 =AUt 24 A= 7 TEVF50 QOE
Z4 % dolHE ADS AE#E &AL % through
ZE 9} isolated EE] W3}k ]
F A EH)HE Aty e
71 3, FA F9471 55 GHz, 28 4y A7t
Q91 90° AZH 19 14(a)2 =3 =
T 5.5 GHzol A A Y 42 323 dB, A2l %+ 43 dB,
WA 42 28 dB, 9173 BEE S 095°2 S H AT,

n)
e ﬂllo
2 e
23
i,
<]
o
U
{4

=
o
T
o
V)

)

836

S-parameter (dB)

.50 . | i I i I i
1.0 1.5 20 25 3.0 35
Frequency (GHz)
(a) Z=100 Q%1 90° 71&& 9] At Al 54 EM A& o]
A A%
(a) EM simulated S-parameter characteristic of 90° coupler with
Zg=100 Q

=y
jury
o

Phase difference (deg)
3 =
1

m1.€l I 115 ‘ 2.II] ZI.5 I 3f0 I 3.5
Frequency (GHz)
(b) Z=100 Q1 90° A= 28 7+ 9143 EM A& ]
A A
(b) EM simulated phase difference between output ports of 90°
coupler with Zz=100 &

T8 13, Z=100 Q91 90° #AZ2e] EM AlEd oA 2
sh=s)

Fig. 13. Results of EM simulated 90° coupler with Zz=100 Q
ov=s).

I9 162 © 574, T4 73771333 GHz, 29 99
A7t 75 QO AAW 900 AZH, 19 14(b)e) =3
dolgolth 4 F34 333 GHzoll A A9 &4 337
dB, A2|=E 32 dB, ¥HAF 42 21 dBE S
A EAYE 27402 SAHAT AY 49 Eddel |
dB] Aol & 7= A& 7IF 2 E Y2 610 MHz
Z 7AW, o]u 9] fractional bandwidths 18.3 %ot} ©]
eFeln &3 o] Ak 90°s 7IEeE A



e

(@) 3E22 FAsHE 90° AZH] An AP

(a) Microphotograph of 3-turn integrated 90° coupler™

4
@00 .
(b) 48102 = 3te 90° AZe o] AwAA
(b) Microphotograph of 4-turn integrated 90° coupler

e

" ODEILE&CIO

-

(0) SHo= FAste 90° AZe] o] Hn| A
(c) Microphotograph of 5-turn integrated 90° coupler
O 14, JAskd 90° AZE ] AR
Fig. 14. Microphotograph of integrated 90° coupler.

3]

2.88°74A] ztol7h wom, FAl Fao A 9 7]
To2= Hu 0.14° Hlojd & 7tk 2" 172 |
F7} S, F4 F947} 247 GHz, 28 YW 227} 100 Q
ol 90° AZH I3 14(c)9] Z74 dlelgolthPl $4 F3
T 247 GHzol A AF) &4 339 dB, A2%=% 25 dB,

HARAY dYd L W gFdAd 90° AZH Y AA

S-parameter (dB)

5.0 5.5 6.0 6.5 7.0

Frequency (GHz)

(a) 249 Z=50 Q91 90° A= A& A5 EA

(a) Measured S-parameter characteristic of 90° coupler with
Zr=50 &

7777

100F

— /521-/531

Phase difference (deg)
S g
I

70 [ N S R S
4.0 4.5 5.0 5.5 6.0 6.5 7.0
Frequency (GHz)

(b) ZHE Z=50 Q91 90° A= =8 7+ 4R}
(b) Measured phase difference between output ports of 90°
coupler with Zz=50 Q

J8 15. 248 Z=50 Q91 90° A=< ZAAN=3)*
Fig. 15. Results of measured 90° coupler with Zz=50 &
N3,

i
~
>
>,
lo
w

~
re o
4
ul
¥Q
[
)
)
o ©

N T 2 g
me El
o se

H L
o oo N

hinss
rhr

>,
A

N
-

B ERAAE 9392 98 )5S ME 9a8E
4 OEA4 o ASH VA RS A
F7h3, 4, 52 ANE AZYE B4 35 55,

837



THE JOURNAL OF KOREAN INSTITUTE OF ELECTROMAGNETIC ENGINEERING AND SCIENCE. vol. 33, no. 11, November. 2022.

S-parameter (dB)

L — — S"

3.0 3.5 4.0 45
Frequency (GHz)
] 2~

@ SHE Z=75 Q3 90° AZ o) A AlF
(a) Measured S-parameter characteristic of 90° coupler with
=15 Q
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(b) Measured phase difference between output ports of 90°
coupler with Zz=75 Q
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Fig. 16. Results of measured 90° coupler with Zz=75 Q (N=4).
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Table.1. Measurement comparison.
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(a) Measured S-parameter characteristic of 90° coupler with
Z=100 Q
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(b) Measured phase difference between output ports of 90°
coupler with Zz=100 Q
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Fig. 17. Results of measured 90° coupler with Zz=100 &
(N=5)""

Freq. Bandwidth (MHz) Insertion loss | Phase imbalance | Isolation | Return loss
Reference . Tech. Zr () Zp (Q)
(GHz) (fractional BW) (dB) (deg) (dB) (dB)
[5] 54 970 (18 %)* CMOS 5.0 0.86 21 18 50/ 50
[6] 24 500 (20.8 %)* CMOS 40 0.8 22 33 50/ 50
7] 52 400 (7.7 %) GaAs 3.27 <t* 17* 18* 50/ 50
This work
55 1,520 (27.6 %) GaAs 323 0.95 43 28 50/ 50
(N=3)2]
This work
3.33 610 (18.3 %) GaAs 337 274 32 21 50/ 75
(N=4)
This work
247 430 (17.4 %) GaAs 3.39 0.8 25 34 50/ 100
(N=5) 3]

*Graphically estimated.
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