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Abstract

In this thesis, a narrow band pass filter(BPF) with less than 3% bandwidth
has been realized by using LTCC (low temperature co-fired ceramic)
technology. A quad-plexer has been designed and manufactured by combining
a diplexer with four LTCC BPFs operating in the cellular band of 0.8 GHz
and the WCDMA band of 2.1 GHz.

The LTCC band pass filter has been designed by adopting an ENG model
in a classical DNG constitution based on meta-structure theory. Since the
bandwidth of the proposed band pass filter in this thesis is less than 3%, it
has a very narrow band feature as compared with conventional LTCC band
pass filters. Therefore, the filter has been designed through optimization based
on the ENG model in order to maximize efficiency. Three types of dielectric
substances are used in the LTCC filter manufacturing process. Of the three,
the NH20M4 substance has been chosen. This substance has a relatively low
dielectric constant of 21, and allowing the low insertion loss and low
frequency deviation. The electrode material contains more than 80% of metal
content in order to raise the Q value of the resonator. During the production
process, it displays optimal characteristics when the electrode membrane is
coated twice using the 7251S electrodes by Namics. Therefore, in the final
manufacturing process of the LTCC filter, it has been manufactured utilizing
NH20M4 dielectric powder and coating the 7251S electrodes twice.

For a duplexer structure, two LTCC band pass filters have been
implemented with capacitive A/4 resonators designed to get optimal Q value
through various forms of research. Specifically, the LTCC filters have been
developed with a LTCC material with a permittivity of 21 and loss of 0.001

The Q value of 338 for the resonator in the cellular and WCDMA band.

The designed filters are 5th order SMD (surface mount device) modules with



a size of 22x10x3 mm® The manufactured duplexer operating in cellular band
1s composed of two LTCC filters, which they have passband of 0.824~0.849
GHz and 0.869~0.894 GHz in transmit and receive frequency band, by
conjunction them with a microstrip line combiner. This duplexer shows 4.5
dB loss and over 45 dB isolation.

The Q value of the resonators in the WCDMA band LTCC duplexer is
greater than 300 and the filters are 5th order with a size of 20x5x3 mm?®. In
addition, the duplexer operating in the WCDMA band is composed of two
LTCC filters, which they have passband of 2.11~2.17 GHz transmit and 1.92
~2.17 GHz receive frequencies. Using the same structure as the cellular band
duplexer, this duplexer shows 2.5 dB loss and over 60 dB isolation.

In order to combine the two LTCC duplexers on a printed circuit board, a
diplexer consisting of a LPF in the low frequency band and a broadband
band pass filter in high frequency band is realized by using a microstrip
technology.

By combining the diplexer with the two LTCC duplexers, a quad-plexer
has been developed to displaying desired performance. In addition, the
quad-plexer has been measured by utilizing a VNA (vector network analyzer)
and has been assessed for use in mobile communications. The measurement
results show loss of 5 dB and isolation greater than 53dB in the cellular band
and 3dB and 60 dB in the WCDMA band respectively. In conclusion, the
compact size and displayed performance make it suitable for mobile RRH

(remote radio head) of femto-cell BTS (base transceiver station) applications.



o AHg FHet o

=

A4 A

]

A

A E
5

PR OT T T RN LT M BT T OMTREF TS XN T
KW B o NT RN W E TR S oD
TP PR Qg ®TTRT S WA
N AT T o= N @ O L s - o > B o <
N SIS ) XﬂTua7oi ﬂoﬂ;ogdﬁﬂuA
Ao o g 28 W g g 2T g R0 B oo 5o E oy
wor W w g E oo 4 5 S W oMo o H B oA T
T E e EE2ES o 9 T M E D e N o R
T N TR S U B = RN S LI S TG
,D_IL.DO_EHE E]AXU 10&0;4I4m0€‘|_lo7 UW&WW
= g P oo o T foaww o E®RE TS LG
o< Wom P T T S T g o4 F T LN ow P
L I I B R i T I s
T o o D -8 R T S T A A -
HO# ]X_l__i i\.m_l.l,lr‘._Eﬁ N [~ T = ‘EE
" HoX — _oﬂﬂ;lﬂ;lrmu] 1G-S | B © ‘_uﬁ_A!WHH_AIEﬁ o
™ - N wo T e~ oo %0 © 1X_| M A R— © oy — o7 ™ FT o AT
o| Eoﬂﬂ_OI H]F]m_,ooﬂo:iﬂFEEJI‘llﬂ,ﬂ‘olEe
o BB o T g M XX T 5 Lod oo ® Mo®W X o 20
e I A S T G Yt
Eoﬂﬁedﬂ J:H‘UIZTO#mlﬁIm,ﬂII‘WQ}H4HOAtEHOI
e o = 2 ® & = T T R I S R
I I - o =N B N - LS
T PR v om oMoy o ® N I bR =
o P 2 s dgm T BN e T g o FoM
T X =8 W m FV o o W E o F oy X oF BRI M_ﬁ
3 Lt e ATgd 8T g ERE % XL
R ET g LT oy E e E g 2T W L Pl v o
W xRl F oy TR o od &P oo ST o T
o R T g Rew ZETRIgBEE LD DT 5o
Wo © = mﬂﬂ_,&e%ﬂwo»aiqu_mTuumqomﬂWLﬂuuﬂi
g - B 5 B T A R g%%LﬂmO ol %ﬂmﬂ%
S T IR U - T L S RCHE S s B T~
T Nool HOE R o, Mmoo BT TR koW g BT T
Bow B @ oy F oo WGBTS o A M_ﬂ % XS o w
wm w N MW T o W w o o A .y M o r w9 mn_rm P2 w o
R L R - EIR TR - I T S B -
® o R N T W OW AR L ok Four o o 9 W ook < w



il
E
: _ﬁ TR BN
Ea ﬂ_OI M J‘mVH ) N QL & .
Moo z W T 0= ﬂ T OT R
xS Wooo z B = lo o
uﬁcmﬁ% 1m1ur%nw%,ouun
“ "2 = T w_m T S = ulp ﬂm ) M w. o B B O
- = N o = X o o = '
o o Njo al? g " N U = ) <
do o B g _n% oj b E S oW T ! o~ T m Y MM X R
ﬂA.l X0 = 5 = bo JJ;I H _ S ny o 1,Ur| \LI#_W EE = E#E R ‘Mu_l _A_uo o (! ZT
Mo il ~ B 2 ) o o N oH STy o o & 1o e T
A wm T T g B OB T — T o U 2 Mo o o 7!
T oL o P 3 F =R I o AW I w o N R
o F BT o T e = % o w9 oE GO y e * X % x
W o 0 0 Wrﬁ el ~ ol 2 N n o kO ofF m = o = ~ s K o~
Aggimhy.%.m ﬁﬂ57 %Lﬂ}@g?%%@
% now T W O IO A+ 'O = i
o B T o & R B S T )0 S K B A NS ol =
B Hp o TR T oF o 8 = g B p I owm ® T
~ OT._ BT N ‘q ~ o ~X X 10 o —_ ‘.__ﬂE
Bl T ol s ™ 3 — H ol T+ X El W o oo ) ok N W
" o = 5 ° T 7 o oo X S = ° T W 3 X
oy BB O = X z = | S = o oA o 5 M
R ogom ez 2 CEE R ST
= T o = 5 o - X = D ot M ok 51 X m S g 2T [
e o ° 5 W ol @M_. > w A i o} - % o Tl 5 %o A o o
: =0 ; Wy B _ RAR o =~ s N : —
w%mr%mog%a@%qummuﬂﬁﬁ%mﬂftmrtv
g ¥ om o} o B A r o oL P - 7 z D ™
_aa}uﬂni hﬂaaﬁwﬁ %d_xgdu},n_onmo%ﬂ
k LoD - — T 6N e K ) NI ( %0 N X <
= D = 1@ < B %L ) go B M o ~ ok T =1 Ho o B @
~ ) 0 ey —_— v —_ 0
Ew_%ow%mﬂeﬂmﬂtyWEAV%JEQ_MOEEVM@
X = il Hoox B = B U w M moR 3 o W_. Jo % R 3 i
7@£rm€u %ﬂﬁ@zé%ﬂiﬁﬂ o %%a?
i B SECHE » 7 Mg 5w 8 < o p T "
— E3 ™ ) Q - - W do = o my EaEN | ,UF
= = — E — ) X ke NI el Y N 5 o W o s iy
L A e o T W DG - ﬂ & 9 o = oo i ML =
\UI iy mﬂ w_.t EE ‘w \UI W ﬁ m ..m Eo T % Mw <* m X EE %om " MVI Erv zo dlo :i
T W HaaeﬂémmluHT g = 3%agf%&_ ol
M o o X i Lo e E oo T = % B
T ‘umo N m ™ lo _.ﬁ A # = EE O_E W ﬁ 50 “MAH H_Al E.:v ﬂﬁﬂ ﬂvAl = ,ﬂ e W_L \m’/o 7.A
thAﬂmeEquﬁﬂﬁ%ggoe@mﬁ
oqmuiwiagﬁwog%%ﬁzmh
S ELZE Hgm@mggfﬂ
nE T T %%13@ 2
= oo 0 <R/ o o il
™ N s 5 N
g E#E HL e ~ ,.*
do o= z T
[mt Qﬂ .ﬂﬂ

}

0]
pul

il 719

] o
7] A7} A3 E o] of

3t7] ¢

o

WY E S
z&Hoz A9

=

=

B A7)

i
=

A

E]—' o] 31



o
=
E

=

7}

[e)
KR
=

T

s
RS

[ez]
S

&

< RH

=

=]

ENG 29z Hgste] g I

]

(T-matching) 71" 2 7+ AH]2 g9

1
H

.

3w W E}F 321 ENGl(epsilon negative) &

slolaz ey Hzel T-74

3, A
HA71aL o] o

-

DNG(double negative) =22 RH

24

ol
B

fite)
o
Nd
el
B

-—

w
)

ox

+

v
X
ol
T

el

By
el

il

4]

I
RK

el

i
B8r
™
o
ol

A Aol A At

1
H

dlolAam ey Aol §i

0]
yal

[e]
°ol-&

L

=

—
=

=

g
3} oje} FFel

s
=

olFA AAE

.

3 vlo]aR~EY A=

}

3|
A
S

47
2%

]

=
=

=

-

(e}

&
NH
)
fite)
&
~H

shtel 71l

265

LTCC w&¥A =

vy

5

=

[}

=

)
o] &

=

=

sol 4

[}
tel =43 50 dB ©]

ol A= 3 dB °]ske] &
WEekeh A7 g LCE =

°

5 dB o]
l

[ez]

Hoh ol AN S AR

-

ol A

=

o]
} 12 WCDMA

°

G

=
=

2 LTCC df

Al

y =

e
E¢1 ADS(Advanced Development System)
=

=~

°

H}d

9]

Td
&8

71 Q gk At

=
A

A
1= A=

A= 0.824~0.894 GHzSl 2= dl 93 1.920~2.170 GHzSl WCDMA th & 9
3]

PCB

0w AEzUA 1

o
N

o
<
3

o

]_

]_

o] &3

=
=

£¢1 CST Microwave studio

S|
~

3

S|
=

=

=

o] & 3}
=

-
=

1

St
)

°

A A

=

=

E]

s
=

=
5}
Zlvto 2 LTCC 9% 3

°

J
¢}

A
]

=]
e
Q.
1

al
=

=

H]ﬂ

=

ENG =z

2 3}

& A9

3T

™
o FHe 23N A et T2 oS

A Ael A

=
Rl

=
=
L

A
X
T

3t

o



Ak, 442 LTCC ZHE A7+ Ul HelZdA s

F A S 93 LTCC A2 34l thste] o1, 642 LTCC

FeAM, A=EHA Aol el Mok, vpA e R 7oA



ARl W 72 dSARs a9 139 2ol A LC ¥ =k ¥E LC &3
o]

o
T
o
B

Att o] 57} 3 & F%E DNG (double negative) EA4
t}.[30] DNG 57t 3] =+= LH(left handed) 545 2= A4 AAAYH C. == ¥ E

-

AT,

AYH Ly T HE AATZHAN SNG (single negative) 54 S 2t =sE AT 4

Cp =

Ly

O O

Fig. 1. DNG equivalent circuit.

a9 2(a)9t o] ENG (epsilon negative) =22 19 104 #&E AVWAEH G&
AAgezH F&EaT 7 ot webA HE [z HE F7]9 2oz FAHT
U MING (mu negative) @2 19 2(b)A 7 WHE QAYH LS AAToZHA 2

g 331713 BE AAHRZ o] Fo] 28, 29].

N

Lp Ly L
Cp == L Cp ==
(w O (w O
(a) ENG equivalent circuit. (b) MING equivalent circuit.

Fig. 2. SNG equivalent circuit.

DNG 2 9° RH (right hand) 993 LH g 9o] =% Z&AstA v ENG2 MNG

52 SNG EHe|M= LH g9l At 9l B RH 9w 20/ | 19



alg

K
el
70
wjr
g

Hr

=
T

]

z

A

=13
=
Ln+l

n+I::

FER 54
C

A

mm

Ln.rH—I

| golar}.

f g

A

3|

40
4
ZE ol Al WE X olEe

o~
T

sk Ao)7}
g

=
=
=
T

7]

-

1

=
T

Aol A

A i

}

0]
pul

ok B

g

%
L

nmmn

P47 0 Hzzk okl 9ele) Fat
)
Fig. 3. A general inductively coupled-resonator band pass filter schematic.

3 HE o] 2o A A4 Zo]

°

2y Aol met
C=

of DNG$%} A+

)

T ER FAAE Q7] wiel,

o

2L,
o

Ly
2L,
Cy/

[
<

Cr/2

(a) 'm’ model unit-cell periodic structure.

Ly




2

Lg
mm

Le
mm
{}ZLL CR {} LL CR II_} LL * ’ ’ CR Il_} LL CRJ{Z{::?

G2

(b) 'n" model periodic structure.

Fig. 4. The 'n’ model periodic structure of ENG equivalent circuit.

4 ¥

3.

Ao g 50 QolrE, A7

2 Ak
I =efof

d

=y

o]
k=i

=
54

29

d

X

4o
</

X

)
—~
fite)

o

Holl A% &

s
=

A 3

3|
pud

b,

o

e
e

ol vpA e g AMAE Cp29 2L FAE AWAEH G

3
o +4% AuE Lz wH A Aok

webd 19 59 ol

Fig. 5. Filter structure using ENG equivalent model.

o

p=H
=

=g mgolAe Ae

1A

9]

N
ol
K

Nlo

_—

i

I

—
fite)

i
=y
N~
™
N
ol
e

T

¢+
=3
N
a
X
ol
K
E

o
ﬁo
o)

_—

ma

WW
)
7o
e
el
{r

¢+
W

il

4

I
3K

el



[

7

A

ol A ¢

5 o]l
PARE o] B, e

°

-

1

1]

5

1A doh

°©

HA717] 9
gele y

1

o

ol

o

]
PR oz A 7}

744

==
T
Z7

[e)

=

1

o

E] 3] 29|

|
A 7]

% oA T W
o ~ 0 o B i T N B
|%|k<<<r|f1 = LA
1 g Mo g m M T
e & e ]
rw 2 App— o o =
s o e )
5 2 o How T T F
3 = o A S
~ = B I
8 S S N T @
mm g Z o= P oE
e e 63 S W oy WE =
= - ez o Mo = N MW
& 5 4o B
2 m = E! o M Mg Mm
) = ] Q —_ e 5 T WO
o ~ I3 = o do 0 m LW
- . . i
5 SHMETES: oL g T T
e Y 2 ® Z 4 2 = F
— & m iy A . A G o| -
= 3¢ 5 B W o= & W
% N 3 E T R g o g o
i+ - o N o T % W Y
— mx
V- m |%|g4<<r|f1 = b W B D om
w8 1 & =l Ntk oA
~ = ' S 2 F o N p B
= 8 ’ 2 mg A o
S| s | E 7 zizIiic
RK > < - S g T b = 24
T W
o 11 2 nNu % P m s & X e
(i 1 P~ A Moo oz B R
| © bs. o w _ o () - B
S e Nox 3 TN
~ HoFmFE R AR o

(1a)
(1b)

LL
e

VLG,

Wy =



Lr1 Cu Lrz

o

I} nm I} o

1
|
R

2Li1 Crz=/¢=

Cra Lia — 2Li5

O

Lr1 Lr2 Lrs
—ym mm mm
Crz _| - Crs
5 T ? 2Lz Cr2 {} L Crs ‘E? Lizs  Crs 5 Lis > 2Lis
o

O

(b) ENG transmission line schematic.

Fig. 7. Filter schematic using metamaterial transmission line.
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Table 1. Element values of DNG transmission line in cellular band.

ITEM Lra~4 [nH] | Cra-~s [PF] | Lia~s [nHI | Cra~4 [DFI
DNG #1 20 3 4.19 1.68
DNG #2 30 12 2.80 1.12
DNG #3 40 16 2.10 0.84
DNG #4 50 20 1.68 0.67
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Fig. 8. Filter characteristics by value of DNG transmission line in cellular band.
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S



Transmission (dB)

T l‘. T I : T T T
0.4 0.6 0.8 1.0 1.2 1.4 1.6
Freq (GHz)

Fig. 10. Filter characteristics by value of ENG transmission line in cellular band.

7y AL gkl ool Wl FhEAE wote] HAst dus 5 ol &skd HA
2y A s Z2S 5 Ak o] A 7 AV FrhEYE R A (DL 3 S S
JEE slojof v}, wEFF Tx (transmitter) ™2 ¥ Rx (receiver) th o] s 2 =

= sk ENG d$4 725 ol8std wEUAE 74 - stk o



Table 3. ENG filter characteristics in cellular band.

ITEM Unit Rx Tx
Frequency GHz 0.824~0.849 0.869~0.894
Insertion Loss dB 0.03 0.04
Return Loss dB 21.75 20.23
Band Isolation dB 19.85 28.25
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Fig. 11. ENG filter characteristics in cellular band.




Table 4. Final ENG transmission line element values in cellular band.

Division Rx Tx
LL1 0.719 nH LL1 0.541 nH
Resonator #1
CR1 53.68 DF CR1 63.09 DF
LLz 0.405 nH LLz 0.313 nH
Resonator #2
Cgro 95.28 pF Cgro 109.35 pF
Resonator #3
CR3 85.07 DF CR3 98.33 DF
LL4 0.405 nH LL4 0.313 nH
Resonator #4
Cra4 95.28 pF Cra4 109.35 pF
LL5 0.719 nH LL5 0.541 nH
Resonator #5
CR5 53.68 DF CR5 63.09 DF
L-coupling
LRI, LR4 1095 nH LRI, LR4 1052 nH
#1, #4
L-coupling
Lro, Lgrs 13.61 nH Lro, Lr3 13.98 nH
#2, #3
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Table 5. Element values of DNG

transmission line in WCDMA band.

Division Lra~4 [nH] | Cra-~s [PF] | Lia~s [nHI | Cra~4 [DFI
DNG #1 20 8 0.71 0.28
DNG #2 30 12 0.47 0.19
DNG #3 40 16 0.36 0.14
DNG #4 50 20 0.28 0.11

Table 6. Element values of ENG transmission line in WCDMA band.

Division Lra~s [nH] Cra~5 [pF] Lra~s [nHI
ENG #1 10 4 1.42
ENG #2 13 5.2 1.09
ENG #3 16 6.4 0.89
ENG #4 19 7.6 0.75

Transmission (dB)

v )
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Freq (GHz)

(a) DNG Transmission line.
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(b) ENG transmission line.

Fig. 12. Filter characteristics by value of transmission line model in WCDMA band.
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Fig. 13. ENG filter characteristics in WCDMA band.

Table 7. ENG filter characteristics in WCDMA band.

(gp) uonoas|yey

ITEM Unit Rx Tx
Frequency GHz 1.92~1.98 2.11~2.17
Insertion Loss dB 0.04 0.10
Return Loss dB 20.93 16.26
Band Isolation dB 53.0 53.0




Table 8. Final ENG transmission line element values in WCDMA band.

Division Rx Tx
LL1 0.221 nH LL1 0.199 nH
Resonator #1
CR1 31.90 DF CR1 29.59 DF
LLz 0.107 nH LLz 0.092 nH
Resonator #2
CR2 65.79 DF CR2 64.24 DF
LL3 0.104 nH LL3 0.084 nH
Resonator #3
CR3 67.89 DF CR3 69.80 DF
LL4 0.107 nH LL4 0.092 nH
Resonator #4
CR4 65.79 DF CR4 64.24 DF
LL5 0.221 nH LL5 0.199 nH
Resonator #5
CR5 31.90 DF CR5 29.59 DF
L-coupling
Lri, Lra 3.45 nH Lri, Lra 2.87 nH
#1, #4
L-coupling
Lr2, Lgrs 3.27 nH Lro, Lrs 2.48 nH
#2, #3
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Fig. 15. Band pass filter schematics with notch function.
Table 9. Characteristic value of cellular band filter with notch function.
ITEM Unit Rx Tx
Frequency GHz 0.824~0.849 0.869~0.894
Insertion Loss dB 0.04 0.02
Return Loss dB 20.39 23.45
Band Isolation dB 51.38 51.78
Table 10. Element values of ENG transmission line in cellular band.
Division Rx Tx
R tor #1 LL1 0.441 nH LL1 0.496 nH
sonato
esona Cru 87.49 pF o 6897 pF
L 0.208 nH L 0.311 nH
Resonator #2 L2 n L2 n
Cr2 185.19 pF Cr2 110.13 pF
LL3 0.397 nH LL3 0.212 nH
R tor #3 ' '
esonatot Crs 97.13 pF Cros 161.29 pF
LL4 0.208 nH LL4 0.311 nH
R tor #4
esonatot Cru 185.19 pF Cru 11013 pF
LL5 0.441 nH LL5 0.496 nH
R tor #5
esonator Crs 87.49 pF Crs 6397 pF
L-coupling
LRI, LR4 7905 nH LRI, LR4 10.61 nH
#1, #4
L-coupling
LRZ, LR3 10.935 nH LRZ, LR3 11.65 nH
#2, #3
Notch Liotchi 21.4 nH Crotchi 0.816 pF
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Fig. 16. Characteristics of ENG TL band pass filter with notch function in cellular band.
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Table 11. Characteristic

value of WCDMA band filter with notch function.

ITEM Unit Rx Tx
Frequency GHz 1.92~1.98 2.11~2.17
Insertion Loss dB 0.43 0.10
Return Loss dB 20.0 16.26
Band Isolation dB 86.4 61.3
Table 12. Element values of ENG transmission line in WCDMA.
Division Rx Tx
LL1 0.202 nH LL1 0.195 nH
Resonator #1
CR1 34.87 DF CR1 30.19 DF
LL2 0.097 nH LL2 0.091 nH
Resonator #2
CR2 72.90 DF CR2 64.39 DF
Resonator #3 Crs 53.02 pF Crs 1032 pF
LL4 0.097 nH LL4 0.091 nH
Resonator #4 Cru 72.90 pF Cru 64.39 pF
LL5 0.202 nH LL5 0.195 nH
" , ,
Resonator #5 Crs 34.87 pF Crs 30.19 pF
L-coupling
LRI, LR4 3.43 nH LRI, LR4 2.846 nH
#1, #4
L-coupling
LRZ, LR3 3.872 nH LRZ, LR3 2.094 nH
#2, #3
Notch Luotent 17.12 nH Chotchi 0.44 pF
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Fig. 17. Characteristics of ENG TL band pass filter with notch function in WCDMA band.
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Fig. 18. Short-circuited A/4 transmission line and parallel LC resonator
equivalent circuit.
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(b) Shorted A/4 stripline resonator.

Fig. 19. Stripline geometry and shorted A/4 stripline resonator.
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Fig. 20. Short-circuited A/4 resonator structures.

I

e

LTCCY

toh o471 o

3|
pud

2z 74

o

i3

I

Z

o %

}6]'

At Az, A Foe] AvAEHE 5 of

o

(b) Resonator #2

(a) Resonator #1

T

(d) Resonator #4

(c) Resonator #3

Fig. 21. Different resonator configurations.
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Table 13. Comparison of Q value by resonator structure.
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Table 14. Q value for cellular and WCDMA by #4 resonator structure.

Cellular WCDMA
Band
Rx Tx Rx Tx
Center frequency 0.836 GHz 0.881 GHz 1.95 GHz 2.14 GHz
Q 338 342 314 328
Epsilon 21.5
Resonator size 6 mm X 12 mm x 3 mm 6 mm X 5 mm X 3 mm




Table 15. Parameter of resonator design for cellular and WCDMA. [mm]

Cellular WCDMA
Band
Rx Tx Rx Tx
W1 2.5 2.5 18 18
W2 3.0 2.54 18 18
L2 2.5 2.5 141 0.94
e |2 0.5mm = |2 0.5mm
W2 W2
L2 L2
£ £
W1 E  —|+=—03mm W1 £  —[=—03mm
6mm 3mm 6mm 3mm
(a) Rx band. (b) Tx band.
Fig. 22. Resonator structure for Cellular band.
[ 0.5mm [ 0.5mm
w2 g w2 =
2 L2
E = = 03mm E —| = 03mm
w1 W1 N
emm 3Imm Bmm 3mm
(a) Rx band. (b) Tx band.

Fig. 23. Resonator structure for WCDMA band.
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Fig. 24. Proposed BPF structure and ENG equivalent circuit.

Table 16. Band pass filter specification of low power repeater.

ITEM Electrical Specifications
Rx : 0.824 ~ 0.849 GHz Rx : 192 ~ 198 GHz
Pass band
Tx : 0.869 ~ 0.894 GHz Tx @ 211 ~ 2.17 GHz
Insertion loss 3.5 dB Max 2.5 dB Max
Return loss 15 dB Min 15 dB Min
Band Isolation 40 dB Min 60 dB Min
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(c) Rx filter properties.
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(d) Tx filter properties.

Fig. 25. Filter structure and simulation results in cellular band.
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Table 17. Characteristic values of cellular band filter.

ITEM Unit Rx Tx
Frequency GHz 0.824~0.849 0.869~0.894
Insertion Loss dB 3.9 2.49
Return Loss dB 22.64 20.08
Band Isolation dB 25.35 20.50
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Fig. 26. LTCC filter Structure for Cellular band.
Table 18. Parameters for a designed LTCC filter for cellular band. [mm)]
(a) Parameter for Rx band design.
Rx : 0.824~0.849 GHz
Rx #1 # 2 # 3 #4 #5
PW 2.1 2.2 2.35 2.2 2.1
PL 39 39 3.93 3.9 39
RW 1.68 1.85 2.1 1.85 1.68
RL 115 115 115 115 115
D 2.1 2.35 2.35 2.1 -
\WY 3
L 12
(b) Parameter for Tx band.
Tx : 0.869~0.894 GHz
Rx #1 # 2 # 3 #4 #5
PW 2.3 2.33 2.33 2.33 2.3
PL 2.92 2.81 2.81 2.81 2.92
RW 1.7 1.7 1.7 1.7 1.7
RL 115 115 115 115 115
D 1.91 2.21 2.21 1.91 -
\WY 3
L 12
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Transmission (dB)

(a) Filter structure of Rx.

(b) Filter structure of Tx.
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(c) Rx filter properties.
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(d) Tx filter properties.

Fig. 27. Filter structure and simulation results in WCDMA band.
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Table 19. Characteristic values of WCDMA band filter. [mm]
ITEM Unit Rx Tx
Frequency GHz 1.92~1.98 2.11~2.17
Insertion Loss dB 1.66 1.59
Return Loss dB 18 175
Band Isolation dB 43.88 42.63
PW 03
R " 03 1103
Tos o8]
L
,,,,,,,,, W

#1 #2 #3 #4 #5

Fig. 28. LTCC filter structure for WCDMA band.



Table 20. Parameters for a designed LTCC filter for WCDMA band.

(a) Parameter for Rx band design.

[mm]

Rx : 1.92~1.98 GHz
Rx #1 # 2 #3 #4 #5
PW 1.8 19 1.8 19 1.8
PL 1.97 1.93 1.93 1.93 1.97
RW 1.8 1.8 1.8 1.8 1.8
RL 4.5 4.5 4.5 4.5 4.5
D 1.85 2.15 2.15 1.85 -
A\ 3
L 5)

(b) Parameter for Tx band design.

Tx @ 2.11~2.17 GHz
Rx #1 # 2 #3 #4 #5
PW 1.8 1.8 1.8 1.8 1.8
PL 1.52 1.49 1.48 1.49 1.52
RW 1.8 1.8 1.8 1.8 1.8
RL 4.5 4.5 4.5 45 45
D 1.75 2.05 2.05 1.75 -
A\ 3
L 5}

a9 29% AA LTCC 9 s 9 E AFT uo] fdAe & Ax=2 A3
of MAE F A= FIg ol i3] AlEeld g AAE JEd Zom AEe}
7 WCDMA tdolA #3805 4% 227} oF 20MHz A =9
RbEar itk webA AAl LTCC Y53 2HE A o 2sH =

C
H 292" e vA 2SS T AEAR Faa Helg 2deA "

M
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(a) Cellular band.
£=205 —-— ¢=22.0
10 . y . Y . — = — §721.0 —=--- =225 __10
J - - - g=215 L
0 0
-10 4 - 10
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(b) WCDMA band.

Fig. 29. Freq. shift according to epsilon value change.
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(b) Tx band structure.

| —.CST resullt of IL & Bl |
— =—CST result of RL
-0
L5
= --10
) 2
L _ =
5 15 5
7 =
@ L 20 ©
£ =]
0 a
S --25 &
= L
--30
--35
-80 . . . , . -40
0.75 0.80 0.85 0.90 0.95
Freq (GHz)

(c) Characteristics of Rx filter.
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(d) Characteristics of Tx filter.

Fig. 30. Structure and simulation results of cellular band filter with notch function.
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Table 21. Characteristic values of cellular band filter.

ITEM Unit Rx Tx
Frequency GHz 0.824~0.849 0.869~0.894
Insertion Loss dB 2.46 2.63
Return Loss dB 20 19
Band Isolation dB 42.5 47.42
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Fig. 31. LTCC BPF structure with notch function in cellular Rx band.

Table 22. Parameter of LTCC BPF structure with notch function in cellular Rx band. [mml

Rx : 0.824~0.849 GHz

Rx #1 # 2 # 3 # 4 #5
PW 2.1 2.2 2.2 2.2 2.1
PL 3.97 4.04 3.92 4.04 3.97
RW 1.7 1.85 1.97 1.85 1.7
RL 115 115 115 11.5 11.5
D 2.05 2.3 2.3 2.05 -

NW 0.7 NL 8.92 NBW 0.5
Gap 2 \WY 3 L 12




#1 #2 #3 #4 #5 D "

Fig. 32. LTCC BPF structure with notch function in cellular Tx band.

Table 23. Parameter of LTCC BPF structure with notch function in cellular Tx band. [mml]

Tx : 0.869~0.894 GHz

Rx #1 # 2 # 3 # 4 #5
PW 2.38 2.3 2.44 2.3 2.38
PL 2.94 2.93 2.95 2.93 2.94
RW 1.7 1.7 1.7 1.7 1.7
RL 115 115 115 115 115
D 2.08 2.4 2.4 2.08 -
NW 15 NL 6.9 NBW 1.7
Gap 2 \WY 3 L 12




Transmission (dB)

(a) Rx band structure.

(b) Tx band structure.
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(c) Characteristics of Rx band filter.
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(d) Characteristics of Tx band filter.

Fig. 33. Structure and simulation results of WCDMA band filter with notch function.
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Table 24. Characteristic values of WCDMA band filter.

ITEM Unit Rx Tx
Frequency GHz 1.92~1.98 2.11~2.17
Insertion Loss dB 1.71 1.88
Return Loss dB 20 20.48
Band Isolation dB 65.09 68.28




Fig. 34. LTCC BPF structure with notch function in WCDMA Rx band.

Table 25. Parameter of LTCC structure with notch function in WCDMA Rx band. [mm]

Rx : 1.92~1.98 GHz

Rx #1 # 2 # 3 # 4 #5
PW 1.8 1.8 1.8 1.8 1.8
PL 1.97 1.95 1.9 1.95 1.97
RW 1.8 1.8 1.8 1.8 1.8
RL 4.5 4.5 4.5 4.5 4.5
D 1.85 2.15 1.85 2.15 -

NW 0.5 NL 4.15 NBW 0.5
Gap 1.8 w 3 L 5)
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#1 #2 #3 #4 #5 W

Fig. 35. LTCC BPF structure with notch function in WCDMA Tx band.

Table 26. Parameter of LTCC BPF structure with notch function in WCDMA Tx band. [mml

Tx ' 2.11~2.17 GHz

Rx #1 # 2 # 3 # 4 #5
PW 1.8 1.8 1.8 1.8 1.8
PL 1.54 1.47 1.56 1.47 1.54
RW 1.8 1.8 1.8 1.8 1.8
RL 4.5 4.5 4.5 4.5 4.5
D 1.81 2.18 2.18 1.81 -

NW 0.5 NL 8.36 NBW 1.0
Gap 1.6 w 3 L 5)
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Fig. 36. Duplexer divider structure.
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Table 27. Divider designed parameters in cellular band. [mm]
WRx l Rx ch l CcD WTx l Tx
1.48 55.45 1.48 5 1.48 29.45

—-4-Rx_Test

0.881 GHz
Mag 0.9339
Ang -0.005679 Deg

0.881 GHz
Mag 0.9634
Ang -146.8 Deg

(a) Lgx variation.



0.836 GHz Sw
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Ang 107 Deg

P =+ Tx

0.836 GHz
Mag 0.9492
Ang 0.03163 Deg

(b) Ly variation.

Fig. 37. Variation of reflection coefficient by length of output port in cellular band.
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Fig. 38. Simulation results of cellular band duplexer.



Table 28. Simulation results of cellular band duplexer.

ITEM Unit Rx Tx
Frequency GHz 0.824~0.849 0.869~0.894
Insertion Loss dB 2.85 3.06
Return Loss dB 20.35 20.97
Band Isolation dB 48.53 53.45
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Table 29. Divider designed parameters in WCDMA band. [mm]
WRx l Rx ch l CcD WTx l Tx
1.48 18.77 1.48 10 1.48 11.41
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Fig. 39. Variation of reflection coefficient by length of output port in WCDMA band.
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Fig. 40. Simulation results of WCDMA band duplexer.
Table 30. Simulation results of WCDMA band duplexer.
ITEM Unit Rx Tx
Frequency GHz 1.92~1.98 2.11~2.17
Insertion Loss dB 1.78 1.88
Return Loss dB 215 24.0
Band Isolation dB 71.0 73.5
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Table 31. Design specification of broadband diplexer.

ITEM Cellular Band WCDMA Band

Frequency 0.824~0.894 GHz 1.92~2.17 GHz
Insertion Loss 0.5 dB, Max 0.5 dB, Max
Return Loss 15 dB, Min 15 dB, Min
Band Isolation 15 dB, Min 15 dB, Min
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Fig. 42. Step impedance LPF structure.
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Table 32. LPF design parameters in cellular band. [mm]

ITEM TL_1 TL_2 TL_3 TL_4 TL_5 TL_6

Line W L w L W L W L W L W L

Value 25 | 50 | 46 | 55 | 05 | 266|102 |120 05 | 275 | 68 | 11.7

Impedance 508 328 1109 17Q 1109 238

Line-length 0.022\ 0.025A 0.107A 0.055A 0.115A 0.053A

Table 33. Simulation results of cellular band LPF.

ITEM Unit Diplexer (Cellular Band)
Frequency GHz 0.824~0.894
Insertion Loss dB 0.16
Return Loss dB 17.9
Band Isolation dB 15.6
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Table 34. Simulation results of WCDMA band BPF.

ITEM Unit Diplexer (WCDMA Band)
Frequency GHz 1.92~2.17
Insertion Loss dB 0.33
Return Loss dB 23.17
Band Isolation dB 25.99
Table 35. BPF design parameters in WCDMA band. [mm]
TL_1 Res_1 TL_2 Res_2
W1 L1 W2 L W3 L5 W4 L
L2 =97 16 : 1596
2.5 5.0 165 | L3 :89 0.9 12.6 7.37
14 : 89 L7 : 16.46
3) Y HolEHA HA
T 482 thol TAA§ Rujy] Fxoln, 1y 369 Lul/lsh 2 FAUYE of
£ F Atk Eol7le F e A4 XEo = 17 459 17 47914 AAE FE L
dduof HFT AEY g WCDMA thent 5 E . ofuf 5 the Abo] A2 &

e FAATI7] 9l AEY Y FERE WCDMA T35 tigo] tha) /(T
= 1200 HE2 [ Zo)lE 2Aeoketal, Bt WCDMA 8 TEZ= A
9 T3 g9 Aad dis] (D = 120090 S5 lyepual Bols A8 oF
s,
Table 36. Divider design parameters for broadband diplexer. [mm]
W ceitutar lceltutar Wep lep Wwepma lwepma
2.5 50 2.5 5 2.5 56
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Fig. 48. Broadband diplexer divider structure.
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Fig. 50. Broadband diplexer structure and simulation results.

Table 37. Broadband diplexer simulation results.
ITEM Unit Cellular Band WCDMA Band
Fregency GHz 0.824~0.894 1.92~2.17
Insertion Loss dB 0.18 0.53
Return Loss dB 18 16.2
Band Isolation dB 25.5 33
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(a) Dielectic powder N20. (b) Ag Paste NI.

Fig. 51. Dielectric and electrode paste.
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Fig. 55. Sintering furnace.

Table 39. Percentage of contraction before and after sintering of LTCC multi-layer filter.

. Dimension before Dimension after Percentage of
Classification .. . .
calcination (mm) calcination (mm) | contraction (%)
L 26.33 22.0 16.45
W 14.35 12.02 16.24
T 41 2.95 28.05
& 399 FAE FEES LS 50me] THAEE A4 A F 79%E 4
=35te] 2AEE AAAQA 3 mmFAE 4SS & Atk
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Fig. 57. Sintering shrinkage behavior of Ag plated electrode and LTCC ceramic.
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Fig. 59. Flatness of Ag plated electrode.
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Table 40. Development summary for LTCC filter.

el o | L0 o
Classification plating Filter shape Note
powder
electrode
Pri RNE-40(e,=41.6 0 4th
rmary (e ; nee Approx. 300MHz of
f deviati
Secondary | RNE-40(e,=41.6) Once 5th reduency: deviation
Third NH40G4(e,=40) Once 5th Change of material
Fourth NH40G4(e,=40) | Once, Twice |5th & Notch Plated thickness
Change of material
Fifth NH20M4(e,=21) | Twice | 5th & Notch (tans lowered)
approx. 15MHz of frequency
deviation
: _ . Simulation after epsilon
Sixth NH20M4(e,=21) Twice 5th & Notch reconciliation




Table 41. Target specification for quad-plexer.

ITEM Cellular band WCDMA band
Rx : 0.824 ~ 0.849 GHz Rx : 1.92 ~ 198 GHz
Pass Band
Tx : 0869 ~ 0.894 GHz Tx @ 211 ~ 217 GHz
Insertion Loss 55 dB Max 3.5 dB
Return Loss 15 dB Min 15 dB
Band Isolation 50 dB Min 60 dB
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Fig. 60. Drawing of Tx and Rx cellular band LTCC filter.
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(a) Printed pattern of loading capacitor.

(b) Printed pattern of resonator.

(c) Printed pattern of cross-coupling line.

Fig. 61. Pattern of cross section for cellular band LTCC filter.
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(a) LTCC filter for Rx and Tx.

(Size(mm) : 12x25x3)

Fig. 62. Fabricated cellular band BPF.

(b) BPF on test board and jig.
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(b) Tx band pass filter.

Fig. 63. Comparison between simulation and fabrication characteristics of cellular BPF.

Table 42. Characteristics of cellular band pass filters.

ITEM Unit SimulationR)fl‘est Result SimulationTXTest Result
Frequency GHz 0.824~0.849 0.869~0.894
Insertion Loss dB 2.46 3.5 2.63 3.9
Return Loss dB 20 17 20 16.5
Band Isolation dB 42.5 42 47.42 43
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(a) PCB Test board. (b) Duplexer on test jig.

Fig. 64. Fabricated cellular band duplexer.
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Fig. 65. Measured and simulated results of cellular band duplexer.
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Table 43. Measured and simulated results of cellular band duplexer.

ITEM Unit Simulation RXTest Result | Simulation T)fl‘est Result
Frequency GHz 0.824~0.849 0.869~0.894
Insertion Loss dB 2.85 4.22 3.06 4.47
Return Loss dB 20.35 17 20.97 16.5
Band Isolation dB 48.53 52 53.45 52.5
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Fig. 66. Measured harmonic characteristic of the fabricated cellular band duplexer.
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Fig. 67. Drawing of LTCC by stage.
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Table 44. Measured and simulated results of WCDMA band BPF.
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(a) Drawing of PCB. (b) Fabricated duplexer.

Fig. 71. Fabricated WCDMA band duplexer.
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Fig. 72. Measured and simulated results of WCDMA band duplexer.
Table 45. Measured and simulated results of WCDMA band duplexer.
T
ITEM Unit |— _ Rx : P
Simulation | Test Result | Simulation | Test Result
Frequency GHz 1.92~1.98 211~2.17
Insertion Loss dB 1.78 2.2 1.88 2.0
Return Loss dB 215 18 24 17
Band Isolation dB 71 61 735 60.32
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Fig. 74. Measured results in two pass band of the fabricated broadband diplexer.
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Fig. 82. Measured and simulated results in cellular Rx band pass of quad—plexer.

Table 46. Measured and simulated results in cellular Rx band pass of quad-plexer.

ITEM Unit Simulation Test Result
Insertion Loss dB 3.0 5.0
Return Loss dB 14.6 16
Bans Isolation dB 48.5 92
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Fig. 83. Measured and simulated results in cellular Tx band pass of quad-plexer.

Table 47. Measured and simulated results in cellular Tx band pass of quad—plexer.

ITEM Unit Simulation Test Result
Insertion Loss dB 3.1 4.9
Return Loss dB 18.2 175
Bans Isolation dB 92.7 52.8
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Table 48. Measured and simulated results in WCDMA Rx band pass of quad—plexer.

ITEM Unit Simulation Test Result
Insertion Loss dB 2.2 2.9
Return Loss dB 21.6 16.5
Bans Isolation dB 71.0 63.4
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Fig. 85. Measured and simulated results in WCDMA Tx band pass of quad—plexer.

Table 49. Measured and simulated results in WCDMA Tx band pass of quad-plexer.

ITEM Unit Simulation Test Result
Insertion Loss dB 2.5 2.6
Return Loss dB 14.1 15.7
Bans Isolation dB 74.4 60.2
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