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C, Capacitance between the line and GND
C, : Additional Capacitance of diode
Z,  Characteristic impedance
A, Guded-wavelength
Effective attenuation constant
B Effective propagation constant
e, - Effective permittivity

W  Width of the line
G Width between the line and GND

[, + Width of PMS

d; Thickness of signal line
R, Resistance of PMS

L, Inductance of PMS

R ; : Resistance of the line
L ;,; + Inductance of the line
I Inductance

f  Frequency



Abstract

A Study on Voltage—controlled Artificial Transmission

Line Employing Periodically Arrayed Diodes on MMIC

In this study, a short—-wavelength voltage—controlled
artificial transmission line employing periodically arrayed
diodes (PAD) was studied for application to miniaturized
on—-chip passive <component on monolithic microwave
integrated circuit (MMIC). According to the results, the
voltage—controlled artificial transmission line employing
PAD showed shorter wavelength and lower characteristic
impedance than conventional one. The wavelength
voltage—controlled artificial transmission line employing
PAD structure was 35.2% of the conventional one on GaAs
substrate. Using the theoretical analysis, basic
characteristic of the transmission line employing PAD (e.g.,
loss, effective dielectric constant, effective propagation
constant, bandwidth) were also investigated in order to
evaluate i1ts suitability for application to a development of

miniaturized passive on-chip components on MMIC. In



addition, for application to the design of RF passive
components, the equivalent circuit of the PAD structure
should be extracted. And for the theoretical analysis,
parasitic components of PAD’s equivalent circuit were used
closed-form equations. Above results indicate that the
microstrip line employing PAD i1s a promising candidate for
a development of miniaturized passive components on
MMIC.

In this study, we fabricated the impedance transformer
employing PAD structure @ for  application to highly
miniaturized passive on-chip components on MMIC.
According to results, the impedance transformer employing
PAD structure showed good RF characteristics. And it
showed size reduction 3.12% than conventional impedance

transformer.
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13 3.1.1(a) A structure of voltage—-controlled artificial
transmission line employing PAD[1].
(b) A Cross—sectional view according to X=X

direction of PAD.
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1% 3.1.2 A capacitance of voltage-controlled artificial
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13 3.2.1(a) Wavelength of voltage-controlled artificial

transmission line employing PAD and conventional one.
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13 3.2.1(b) Wavelength of voltage—-controlled artificial

transmission line employing PAD.
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< Az -~
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1% 4.1.1 (a) Transmission line.

(b) Equivalent circuit of transmission line.
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0L.2 H7|o= oy}, wehA,

(R\/ijtc\/T) —%( K +GZO) (4.1.22)

EAEY NBL AT FHEF o

L\D|>—x

[
o
T

12 0 2 Ao x}A €]

E=F e (/b= (4.1.23)

H= =" (4.1.24)

A% dB 2AYE FaF S219 o]2AHo] Holi= o}y A
R

S, (@B)=101logle ¥ %e 7*|° (4.1.25)

A (4.1.25)04 P2 & 1olm 2 Al (4.1.25)= olget )

S, (dB)=101logle “° (4.1.26)

d71el Aol 12 Adze dol& yedth 4 (4.1.26)& a°l
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thsted gelstd ofefe] 4 (4.1.27)= d& 5 Utk

a=—0.5In[10 "= ®]/7 (Np/mm) (4.1.27)

B A AREE 4719 o] B0 HES WPOR B =

el
2,
>

A e 7140 A tele =g o g3 A A

ol WEH=e] RF 54& stz s

InGaP/GaAs t}o]e =9 0.25 V¢ A= A7lstes A%< 7
AAFE Fog¢ dY9 0 ~ 50 GHz ¥l 0.02 ~ 0.12
Np/mmE YWEHIL 13l ¢17F Ate] 0.75 V, 1 V o o] 3}
A= 22 0.031 ~ 0.144 Np/mm, 0.081 ~ 0.281 Np/mm
2 Uetyth whd 7)E nlo]la R AEY AEARe] AHASE
FA3 Fuk WYl 0.034 ~ 0.605 Np/mmzE =& A
Algrsli= PAD 7% AFEA=o Aol Hste] tha 2
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1% 4.1.2(a) Attenuation constant of PAD structure.

(b) Attenuation constant of conventional transmission line.
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a2 4.1.2 (9 (b)e A=z E =F A AHotst= PAD +
o] ALHEE 7]E vpo]lARZAEY HAEA=Zof Hsle] v

&
i
Y
2
N,
Y

= ¢l Hol& 7}A|aL glojof
ol 2y B =Ro A AokslE PAD Tx9 AEMRE 7
Fo vlolar~EY AFAR Hlgte] FHe MRS 7HA
i oy 28] wiel] £ ASARe] 4 S48 Agstr] 9
A= 2 AS Bt oluEl A4 dolo] thdk =4S Hnlsf ok
SUH4]. F 411004 2 =Hox Atsl= PAD T-% AEA
29} 7|E nfolar2EY ALHR] A4 Zdold U
kS A=

3 4.1.1 Insertion loss of voltage—controlled artificial
transmission line employing PAD and conventional one with

length of A /4.

Frequency Insertion loss with length of A/4 (dB)
(GHz2) 0.25V | 0.75 V 1V conv. MST

5 1.899 1.376 1.100 0.384

10 0.518 0.452 0.494 0.395

20 0.088 0.097 0.272 0.355

30 0.092 0.160 0.275 0.329

40 0.143 0.182 0.286 0.418
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B=aw chz—f (4.2.1)

O 4212 A (4.2.D)= o]&ste] # =FolA Agbst= F

Moz AR vl e =g o 43 Ak Aojy A%zl

oA Aokst= PAD 7% AEARE= 9
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% 4.2.1 Effective propagation constant of
voltage-controlled artificial transmission line employing PAD

and conventional one.
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4.3 PAD 7x H=29] 8 738 54

(b)

13 4.3.1 (a) Transmission line.

(b) Structure of transmission line with electron-magnetic.
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__60 8 , W
Ve, ( w T 4d> Wd<1 (4.4 .4a)

190
Ve JWd+1.38+0.667n(Wa+1.4m] "=

(4.4.4b)

=4 dudzet 75 wdge] AAHH™, Wd Hl=
8

i sh_y  Wd<2 (4.4.52)

R 061]
== +0.39- L84} oo

(4.4.5b)

R A g 0.11)
A="60 2 T _+1_(o 28+
B Rk

o|t}.
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(4.4.6)

ore A ASFS Yrdet. =A E4C % = &
Aoz
R
C =7 (4.4.7)

o] =, o714 Rel= EAS EHW AgoltH[12], ¥ =l
A 2719 o|Be Afsle] B el Atdt FAHow
MAE tole=g ol g g Aoy HFMRe fE FAE
of Wstel AFSLA Bk 1Y olE F fE FAEY A
g Fopsl sbgel oi@ How gestw ojeish @rH1-3
211].

_ [ 2m 1 2
96_((0)\ \/90110) (448)
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1% 4.3.2 Effective permittivity of voltage-controlled
artificial transmission line employing PAD and conventional

one.
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GaAs |Substrate

(b)
a3 4.4.1 (a) A structure of voltage-controlled artificial
transmission line employing PAD.

(b) Its equivalent circuit for unit cell.
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2853, o= A RF I=AA =
[9-10]. ol&fdk +A19] s 2ast7] sk, & HolM= s
A2 5 A Tl & flste, VAR Hidd t
s ofgd MY Ad HASHEE F7HEE o]&3le
olgHo=m  FAsgltt.  FAHeEZE  RLC TR
closed-form equations ©|&£3A} k. I1¥H 4.4.12 F7|4o0 =7
Hlde tole=Z o] &3k A Aold dEH=e] 571329
el Ao g S EE BoYsr. PAD %9 dEE Hs)
=2 GaAs FAA, A=, InGaP/GaAs thole=,
Aol F& ~EY (PMS: periodic metal strip), B]o}& = -
dEol dnt. FAHLR TV|EY] wolARAEY AFAHAR A
2 T30 w5 2EYHS AXg. oy F7)
d =5 2EYHS ASAHAT InGaP/GaAs thol . =8 dA4dst=
A HH, tole=+= v BlokES Fdte] Hshde
Adt)y, webA, InGaP/GaAs thol =& HA A
dAct Atz o® tolet: SRR g
W 53R 32 Fx2E 7HAA HANE JPHe &3 AR

(Capacitance) 2.2 %38 7}s3stch[1].
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1% 4.4.2 A Equivalent circuit of voltage-controlled

artificial transmission line employing PAD.

19 4.4.2:= PAD A2zl e dejda dAe] F7t 3]
2E HolFH, 9 44,19 R B SR FU1H Fx
of N WA 44 849 7} 3J2o|th

Cr © tole=9 7 &3F Aol oA 17 4.4.19
vebdo 28l 47189 G, & InGaP/GaAs the] =9 A7}
e Ate] vlEH (Y 4.4.1@ANA BHe AAH L 9 L+
Z}7F PMS (periodic metal strip)@ 23} Zojolm [, = 20 um
olth. R, 9 L, £ A7 E [ 2 7}A%= PMSe| F7]H9l ~E

a8 44204 Fr1Ho2 wjdy tho|e=E o]&3slk At
Aojd AsHA2e] &9 AS A 84848 e SR EE
AdsiH, agkE LE7|E e AR Adsta AA 71400 =
& 2EYS AR 72 HlojEo] fAskE Fatol Hlol &4

7 AEHE A% a9 4.4.2004 Kol Z47he] RLC #
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L yu=[0.1255+0.026<(-%) —0.005(-5) | (nrd (a1

R, [ —0.58%(-%)+0.608] () (4.4.2)

/ /.

c)+0.25><( G )2] (pF) (4.4.3)

C,= [0.45—0.2><(

! .

j)—i—O.BXlO 5><( J

ca=[0.01—o.77x1o 2x( )2] (pF)

i

(4.4.4)

2
c)+0.608><( llc) ] (Q) (4.4.5)
h

h

Rg=[1.87—0.38><(

/, /)2
L,=|=0.1+30x|—"* | +15.1x|

2 (4.4.1) ~ (4.4.6) o A= W, I, d & 47 AR E
PMSe] do], ALz AT A
29 HAA a5 Atol9 114,

Iy, & PMS¢9] Z& ustty, E Ao A At

(nH) (4.4.6)

AZ olesu,
I PAD %9
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AEHAZ2= G = 500 ym, W= 20 pum, I, = 20 ym, d; = 500
nm ©|th. Tk AA M2 do]= {60 pymeolar, Z+zHe] t}o]
Qrx9o AL 54 ym, A= HlolE A9 Adol+= 160 pmoO]
th 2 (4.4.3)01A4 (/G)? o] EFH o] AE olfrE tholL =0
SAek= 71 ERATLE Qg VAR HEE HAdE
dol EA87] wielvt[4-5, 9-101.

B AdFoqE PAD AR R SRR A
closed-form equations ©|83to] PAD A=E %9 RF EA
= SAUN AME oledom AFEY. 1§ 4.4.3(a) ~
4.4.3(d) = PAD A= Fxo] A9 &4 544 gt Aatd
TAE tole=9l 7F Askel wet Hlalgk 1Rlojth. ALk
A3E 9ty PAD A= Tx9 7 RS 4 (44.1) ~
(4.4.6)9] closed-form equationS ©]-838F3Ch 18 4.4 .30 4]
S 9o, F34 40 GHz o|8tol A tho] 9 =9 ol7}A¢lo]
0V, 025V, 05V, 1 Ve uj, Atd sk SA4H ko]
AReE RF SA & YEHdY. =, 234 B viel o] 54

Avel ARATIL vad 2 AAFe 2 5 9l

e
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Insarion Loss (dB)

Insartion Loas (dB)

3 1 lr" 7 Measured Data
’ _'-!.'1 ' ' (0 Calculated Data
it
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. . 1
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a_ﬁr NN ~_Caleulated Data
I
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LS < e, T/
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0 5 10 15 2D X 3 35 4D

freq, GHz

(b)
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(d)

1% 4.4.3 Measured and calculated insertion loss of
voltage-controlled artificial transmission line employing PAD.

(a) 0V (b) 0.25V (c) 0.5V (d 1V
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45 PAD 7% N9 gz

&7 L S ST &

& & & &
(a)
e
eee | jb jb jb | Va| b Vid Jb jb |eee
Zgjfk - l — -
(b)

1% 4.5.1 (a) Equivalent circuit of the voltage-controlled
artificial transmission line employing PAD.

(b) Equivalent circuit of transmission line.

_54_



rlr
=)
o
LY
ull
[>
[t
o
%,
!l
1o
rx
!
fo
X
N
>
o
K3
iy
2
ol
rlr
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d=%+ T+% — L+ T (4.5.3)

o] Aol L& ghemel Zojolm, T tho] 2 Ee} Hhol &
= Ajole] HAe LpEIY.
29 4.5.1 (b) o @& F@ Aole] Ranzo] An S4e
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Vn — VnJrl]
[1”] 47 ye (4.5.4)
[A B] _ (cos ——5 sin /d) j(sinka’—i——g cos kd)

C D

j(sinka’—I——g coska’—I——g’) (coska’——g sin kd)
(4.5.5)
kd= w\ 11 (€ 4¢ .d (4.5.6)
Ao A (4.5.4)9F (4.5.5) 14 Gz ndHA T Ao

ek =8 WA/ 1, 1,90 9459 A4 v, V,o o

ABCD &4& yepdit}, He, A, B, C, D= Aol d/29] TF
AA AFEHZ g eprE, HE AgYEs b, do] d/29]
ThE Fito] A d=e digk ghefvefoltt. 18]il ©=kd ©]
i, k= TR AR Anpabgoltt, A 4.5.6)9 o, u, e,
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=W0)e * (4.5.7)

[(2)=10)e ¥ (4.5.8)
7} Helob @tk F74 T2 Awsl Faa 27] g o
Al el Ao Aga ARE (D#Al SelAe] A Az

A Adex o ¥yt a7 FRieA AEEFE

veh 7Hgshe otelg] 2ol L,

V,i=V,e v (4.5.9)

I,.,=1,e ¥ (4.5.10)

A7)0 AFE A (4.5.4)90 HYshd olefe] A8 9S4 9
V" — Vn+1 n+le
MR IVRE [1 ] 451D
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Ace oo eyd] V,m] [8] (4.5.12)

n+1

nontrivial 3E 77X P&

PP4 L 00] Hojo}
[12].

AD+ e —(A+ D)e¥— BC=() (4.5.13)

SHO HX

o) Zol 00 ohd E& JAM, FEd 8zl A
AD - BC = 1 o]lg} ALslo] WA

S
=1

olatA W A
(4.5.14), 2 (4.5.15) ¢ & 7S 7R A

=
A},

e Y4 o1 vd

5 = coshyd (4.5.14)
JAZLDl = (cos kd — —5 sin kd) (4.5.15)

Mz Fark #1490 A% 3

2 y=a+jp7t HE

cosYd=coshad coshBd+ jsinad sinBd

= cos kd — —g sin kd (4.5.16)
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A (4.5.16)9] ¢ AeFut glome a=() %2 B=
o] Eojof i},

ol wWl, a=0, B+0% Aol F714 FR AR Tz
Aol sgein, F714 FrARY BRdS HolsiA #
th. o] Wl 2] (4.5.16)2 ofefel o] kst Hrt

COSBd:COS@—% sin® (4.5.17)

wreb $Wlel 377} 1me} AL gom o] He gl sl
sidEth MR o%0, =09 FSOlE s Ause Ao
b HEE mek gzt dojdet. = o]Re Fxe AA
e gelgtho-12). FEA A=oly] wEe] A &
A eront dmel glY mow Al Aoyt of ] A

(4.5.16)¢] =7+

o
il

cosad= cos@——g sin®|>1 (4.5.18)

2 FhastEnh, of A2+ g ytol] tiste] @ shute] o
€ ztev. agla 0] ddge] disiM = a0l HEE
o, whek A (4.5.18)0] -1x1Y FAY 7 , A (4.5.18)
B

=2 Towvz A (45 160)2ZFEH 98 F 9}, z2ed A
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]n+1
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Z p=

g

AN Vo T T, S AT
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(4.5.20)

(A_eYd)Vn+1+B]n+1:O
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A—e¥

(4.5.19)

% gov, 4
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pvi_ (A+ D)V (A+D)*—4

9 (4.5.22)

= 4.5.23
2A—A—DTV (A+D)2—4 ( :

Zy

2 Fox= 209 ME zev. WA we] Aol A

ASDE QET. o] A9 A (4.5.23) &

Z%Zﬁ (4.5.24)

oA AetelE PAD FE AR F3)
NG} XSG EAS AHRuA oz 99 24 (4.5.16)

!

oNM a=0, B+x0d W SHHS 2 4.5.25) 7L F o

a0, B=0¥ W AXANSG 2 4.5.26)S 7+ F A},
cosh jBd — cos Bd= cos kd — Xkd sin kd (4.5.25)
coshad=| cos kd— Xkd sin kd| =1 (4.5.26)
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A 00laL,  k7F F7Rgel weEh ¢ ol EAFH  AHIgd
[12][30-341.

Y 4.5.2= 4 (4.5.25) ~ A (4.5.27)% o]&ste] & =
oA A¢tsl= PAD T HAEARS T} AAHS Y
E—Be #AE afzZ= Yl Aotk 0.25V, 0.5V, 0.75
V, 1V ollA<¢ 1% passband 2 2%} stopband, passband®] A4k

AaE HolFal .

nkd = @+ ued
EHdPassban@ \
R IO
1 Stopband
1, TN | W
I
1**Passband
k!

1% 4.5.2 k-B graph of between passband and stopband
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178 4.5.32 2 (4.5.25) ~ 2 (4.5.27)& T G 1
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1% 4.5.3 Bandwidth of voltage-controlled artificial

transmission line employing PAD.

Table 4.5.1> 2] (4.5.25) ~ 2/(4.5.27)< °]&slo] 3 19
4.5.39 A¥4E Z= Yehd Bloltt. 7k Ye] F7hstel whet
12 e 2 2a B BF A4St EES UE X
Atk RF thelA &EEF o= on|7t 9le 13 St o] Z
7+ 0.25 VoA 322 GHz, 0.5 Vel 299 GHz, 0.75 VoA 273
GHz, 1 VoA 208 GHz= YElwtow, 22k Sl A5 <17t
Aol Z7F T4F FrdteE BG5S HoAFAU. orbHste]
SRS AEARY AgAEE AES FrlstAl dnk. o
w 32e] 71 AdAEs RS AFHAR] ddFo] JFS
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A Hed, ASAE RS gho] TUF EF4F g9Ee Fo
A #Hoh. SERIWE A 2d7Fdgel 1 Vol e FdY EA4S
ElJlo] 2 =RoA] A A|SE PADTZE AEHAZE o) oo A

o FEaAY ] S8l B Aolt},

Table 4.5.1 Passband and stopband of the transmission line

employing PAD

1st 1st 2st
passband stopband passband
(GHz) (GH2) (GHz)
<322 322 .~ 1292 1292 ~ 1371
025V
BW:322 BW:970 BW:79
05V <299 299 ~ 1292 1292 ~ 1361
’ BW:299 BW:993 BW:69
<273 273 ~ 1291 1291 ~ 1349
075 V
BW:273 BW:1018 BW:58
v <208 208 ~ 1292 1292 ~ 1325
BW:208 BW:1084 BW:33
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Al 5% PAD 7& A=z9 3§ 2799 &

2 Ao A= 2 =welA Alstste TR ajdE ol
=2 o] &3 AL AYEH AEAHE (voltage-controlled
artificial transmission line employing PAD)E MMIC 9] =
2% 5 a4k F&Es dstaAt gk

N4 s W= dyd s FEs ek 8t AAA
2ol Aol AR Aol AR 5A4& 7
T A AFHARIN2E ATt o] wf A4 o HAE

r‘O

r,
il
gl

5.1 M4 dydxa JHE7|e) dubgel  FxE YEhdg

r
. 2
Z._f_:. Z'l' EL
.
Z,',;.

a3 5.1 A/4 impedance transformer .
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A7) a9 98 QuEs Z,e thew go] relu.,

R;+77 tanB/

7, +JR , tan Bl (5.1)

Z,=7Z

B/=(Cu/NM(\/4)=nu/2 o I o] gt= AsHr] feA, =

Ao ZRE tanB/E WAL Blon/29F o] 3k FHskd

Z3

Z

r=0o= 87 AAME Z,=2, 7 Heolok a0, o= =

CIOE BRSNS

Z, \NZ,R, (5.3)
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1% 5.2 A impedance transformer using voltage—controlled

artificial transmission line employing PAD.
I8 5.2 £ PAD 7% ARE o]g3te] AT dudx

W37 AHS HolFErh PAD FROAE InGaP/GaAs Thol S

o] I7FH = A (Td 3.3.1 FH)ol Ades AAEH G
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S7FetAl =M, 1 A3 2] (3.1.DF (3.1.3) 225 54 <l
A 7y @& 20157 28 & 4 vk mebA, tolexe] <l

HHE Age =AW 54 9IUAE AREA Ws A2

A AIE s Zeoll A Zo o2 HTAA[11-12]8 WA
7l e e WEr o] SEAUIA R Z= A7)e o] &
= HIR O E ofgfjo] 2o] RE=EEjojol gt}

2 AT E A7 dads WsrlE dqte)
o] tho] e el QI7bE = Htel uwel 1 5AS
o] e =of C7}E &= Aol 0.25 V ¢ A Zo = 100 Q, Zeo
= 50 Q o, ddudx W3] 37]% 0.1376 mm?® ©]t}. o
T 71EY no|ARAEY AFHEE o] &S dIHx WY
o] A7) 441 mm? ¢ ¢ 3.12%9 AR F2ES HAFTH
agla tol=ef A7bEE Hete] 0.5 V 9l A Zo = 100
Q, Zco = 30 Q o, A A WY A7|= A7F Aol
0.25 V ¢l A9 dstth. vole=o] QI7l¥= HSte]l 0.75
Vel AL Z,=80Q Zo=30Q 0™, 1V A Z,; =
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1% 5.3 RF characteristics of impedance transformer PAD

structure with applied voltage 0.25 V.

|
o
o
3%
rlo

2 w=iolA] AlstE PAD & AEAR] o
o] QIZFHSte]l 0.25 VI d¥dx~ wWEr| e REEA] |t}



o7 IOYoAM B vfe} o]l F=34¢ 5 ~ 6.5 GHzolA -8.5
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1% 5.4 RF characteristics of impedance transformer PAD

structure with applied voltage 0.5 V.



23 9uld s WMly]= Y53 RF EAS HojFth Ao
, A HE upe} o] Fub 4.75 ~ 6.75 GHzolA
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1% 5.5 RF characteristics of impedance transformer PAD

structure with applied voltage 0.75 V.

= Q7bdste]l 0.75 VI f¥ds WEr]e] RFSA oIt
5.5014 oF 4 gl%o] & =wolA ARt PAD &%
+ M7 ¥5g RF 545 HoleErh 744
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1% 5.6 RF characteristics of impedance transformer PAD

structure with applied voltage 1.0 V.

o]= QIZbHAte] 1 VI dudx WEr|e] RFEA I 19
5.5004 & 4 Slxol & =il A Aljtst= PAD FRE ol &

Hel7]= 453 RF 545 Hosd. FAHe =,
oA W= wpe} o] Fuber 35 ~ 5.25 GHzollA -8.5 dB
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olale] WAl A3 449 dB olate] 48] EASA0 B

ok A71el Axte 4 ¢ 5ol & w=aellAM Algke= PAD
&

O

=5

RF 247be] dsidz ggdl e #8370 489 5 922

3 243 oulus WaElyle] EALS MMIC Aol A

sepstgie

Table 5.1 The summary of RF characteristics of impedance

transformer PAD structure.

T8 | Z0(Q) | ZC2->ZC1 54 Size(mm?)
S11 : -8.5 dB

0.25 V| 75 100->50 S21 : -1.1 dB 0.1376
@ 5-6.5 GHz
S11 : -8.5 dB

0.5V 05 100->30 S521 ¢ -2.6 dB 0.1376
@ 4.75-6.75 GHz

S11 @ -8.5 dB
0.75 V| 50 80->30 S21 ¢ -3.1 dB 0.1376
@ 4.25-6.75 GHz

S11 @ -8.5 dB
1.0V 30 65->20 S21 1 -4.4 dB 0.1376
@ 3.5-5.25 GHz
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