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Metal interference analysis and design rules of on-chip
antennas for wireless interconnection

HE Xiao-Wei, ZHANG Min-Xuan, LI Jin-Wen
(Institute of Microelectronics, School of Computer, National University of

Defense Technology, Changsha 410073, China)

Abstract: The impacts of on-chip metal connective lines, power grids, heat sink along with packaging, and dummy fills on
a 2 mm-long, 30 pm-wide on-chip dipole antenna pair characteristics were investigated with qualitative analysis. On-chip
antenna pair transmission gain has been improved by 9 dB at 20 GHz by employing a 0. 35 mm thick diamond layer between
silicon substrate and heat sink. Extensive simulations were performed by three-dimensional software HFSS to explore the in-
terfering effects of these metal structures and placements on the transmission gain, phase, impedance and radiation pattern
for integrated dipole antenna pair. According to the results of experiment and simulations, several empirical linear formulas

for antenna pair gain and phase in interfering circumstances were obtained using numerical fit. A set of design rules for on-

chip antenna was summarized for wireless interconnection.
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Table 1 Experimental parameters for simulation under a
0.18 pm CMOS process
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Blifk)Z 1 7.9 0

A= 10.9 4 0
248 AL(M6) 2.17 1 28 000 000
IR 350 11.9 10
BN 350 16.5 0
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Fig. 1 HFSS model of on-chip dipole antenna pair
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Fig.2 (a)Parallel and (b) vertical interconnect metal struc-
tures located between on-chip antenna pair



5 i/ NEAS < TIOR8 7 ERE R T S B 477

TG £ 1 KR R %

FEXT L /T 1000 pum BRI G0, KL 1A% iy 1
Tt R S PR IR PR R, i de R B, &
BUEIAA T R AR R AL F b 25 250 A0 5K
.

G,(dB) =-84.5+3.69 xf-0.053 xf , (1)
Hrp, G, &R BB R ARG 25, f 2R,
T A 76 18 GHz $iiZ & b, >4 L /T 1500 pm B, K
LML 5 LT BE L Ze M2 4k, 33 i 11 £5 7T EH
DI amm Aokt a0, L &3 100 wm
25 PR 24 0. 28 dB.

G,(dB) =-34.86 -0.0028 x L (2)
YT R FABAR RN AR i o 4 JB B L Mt
FHOBEIE LA R, fG (1)  (2) X — 25
WAEFH L /NT 1500 pm, 45341 T 20 GHz B f |
VIR R Z %o A A 1 2 R XA

G,(dB) = -61.6 +1.74 x 107 x L

+0.4 xf+5.8x107 x/°

MR L ARG R 5 5 7 1) B A7 A
BRI AL R, 4 L = 3000 wm BT 46 3
B A A X R T, a0 &l 4 (a) B, M4 40
S5, L AL ARG S, TS BRI AN R, L TR
IHEHRATUR B AG RES , Q& 4 (b) FIRs.

I, B4R 5 RE AT K E L &if
AN REAFE 1) —2. FBLRR LS A L, B
HiEG)RBRTE— B R B T RE e, H
WRIRAE P 25 2 () L PN 3 3 4 A 4 WA A Joa v il
KL 3 2575 397 kb,

HRPEACAU, 2 (a) 15 00 T B 3% 4 J@ 1 9 B W

—o— L=100um
- L=500um .
20 & L=1000um 9dB higher
—A— L=1000um

(3)

with diamond
—v— L=1500um

-30
g 40
1]
Q

-50 [

-60 EB/EH—EE\EEI \m/EE/

10 15 20 25 30 35 40
Freq (GHz)

B3 A LT Fr EIREO I e i
Fig.3  The transmission gains of on-chip antenna pair with
various L

e
X3
) 3

)
2 CHo O A\
----

-35

—_ o.
@ -40 \
8 45 —— 1=100um W 7
3 —v- L=500um |\ @s:’
50 —o— L=1000um i
—— L=1500um i
551 —{3 L=2000um A /
—0— L=3000um )\
-60 1 - ! | ! |
0 50 100 150 200 250 300 350

Ang (Deg)
(@

—O— L=100um
— L=500um
—— L=1000um
—<— L=1500um
—— L=2000um
—O— L=3000um

Return Loss S}, (dB)
|3
S
T

10 15 20 25 30 35 40
Freq(GHz)
(®)

B4 A LT EREXT (a) SRET7 A (b) i A4
Sy,

Fig.4 (a)The radiation patterns (b)return losses S, and

£S5 pm ~ 100 pm Z [ 28 {G I, 4 J/ £k 19 [ BE D 78
50 um 100 pum 200 wm BT REBF -3 25 B
PUMARNL M2 LT T0 22 57, Bl LA B 3% 46 Ja 28 96 Al
(] P ) 552 Wi v LA 220 181 S (a) 25 1 L 1000
pm W2 S wm ({047 B B 5 R /MR
054 10 wm 50 pum 100 pwm 200 wm Hf K 2R 18 25
FFRALIT 32 5200 FEARAR T B , RN 42 )@ HEL
T/ INEE B O, SRR A A% i 1 2 B g, AR S5 e
BN R R N 4x 8 % 4R de /NI B o /N AR
SR e S A (N R U YL PN S )
B4 55 N S WS R UM 67 A & AE W I B BR
4 Jm RN R LR Z 18] 1Y dse/MIE B 7 KT 50 em. 7215
JEX T 4R G, BN AR 5 AR Z [A] 1Y
PR FEA AT

G,(dB) =-87.4 +3.77 xf-0.052 xf* , (4)
Phase(Deg) = 14.2 +22 x f - 1.157 x f* (5)
+0.0121 x f°

2.1.2 MEEHHEERBEMRELEHFFIEIRM
TEXFEOL T, 24 7 4 R £k A P o F R 2k 2



478 A5 2 K K ¥ W) 30 &

-20 -
) 150
225 Pt
100
30k
o 50 =
% 35+ g
< 0 \°
Qo Q
-40 - 2
50 9
45+ B &
—e— Ga_l0um —O— Phase_10um | v 4-100
—a— Ga_50um —{ Phase_50um
-50 —A— Ga_100um —— Phase_100um
—¥— Ga_200um —7— Phase_200um d —-150
L. l l | | | 1
10 15 20 25 30 35 40
Freq (GHz)
(2
-20 |
-25
-30
o » — Ga_ideal
T 35 —— Ga_L=400um
3 —0— Ga_L=800um
-40 —B- Ga_L=900um
—— Ga_L=970um
-45
50 M I I I 1 1
10 15 20 25 30 35 40
Freq (GHz)
(®

KIS (a) i BRER AN foc /N 25 A ] I 14 1 i 096 2 %
FAGE (b) BB Jm TR T LA i b REox i ek
W4

Fig.5 (a) The transmission gains and phases of on-chip an-
tenna pair with different minimal distances between metal and
on-chip antennas (b) The transmission gains of on-chip antenna
pair with various L under vertical metals

(] ) 3 FLHT RS R T 100 pum N, HQBE | E RS 02Kk
38 i S PRI AR AR 3, S BAE AN R A3
T AW . 2 L 4 2R T i R 2R AT I
(/NTF 100 pm ) {0 2R B 3 4 7 A2 B SR 52, 5
wm 5 A B 100 wm (Y 21 2536 B4 )8 HIE AR
KL ARG O X LA L 3 45
WE S (b) Przs. L=970 pm i, 5B R 2 19 4
ARTFBORIETE , (H i B 45 SR B AR LT 2
(a) TOL T B, B 2 (b) f5 00T 1 B34 5 )
Stz i EREMBOTH R B 2 1 R TG
2.2 RN

L TR PR A DR ot P P — b R 1 < s I 91 45
Ha), AT RELS KA AT A IOENE ) R M. FL 5 A% 11
WL R S R R E T RARIE T T # 2
e 75 I PR R MR ATTET A 204, S PRAIE R R I A
S P AN 2 R R 2 0, L YR X AR R 2k 22 T ) e

/NEEES KT 100 pum.

K6 25t 7K 2000 pm G524 S wm  PHE R
/N7 100 pum x 100 wm 144 J PRAK X R 234 45 1 52
M. FIFEARSE R AH L, SR R T00Z 42 )8 (M6 ) 5 Uk T
JZ 48 (M5) S H Y58 O At AR R i 10 T R 2k 1)
it , 75 26 GHz B34 £5 AR T 12 dB. X 3R W]
FL IR R () A SRy B A 85 e B R4k, =0 i B AR
e KR NT 22 [0 A i 5 D A AN ] B

B 7(a) 45 T REIE T J7 R 2 i 6 4 s
FEAJE R 2000 wm | 58 B AR A B R 2R3 13 T 52 119 5%
). p P RTHT, B PR U 4 T 9 B DR/, R 263 4
A BRI AR AR ZE R A b A B K 220, [
e mr YN 50 wm, K JEARALI A3 R 4R
PEANE 7(b) iR, a4 @ K AR F 500 wm B,
FRERIIE RGN S, | JIT 32 152 0 19 76 1T 1232 (A TR D
M4 JE KL 1000 wm B, R0 S, 3E 4
P E T, X R IALE A AR KA IE T 7 LR
JiCE RSB/ N LR 4
2.3 BRSHESENERE

A A AR XK & i 85 7 B R AR
T, & ERA R ZR R M RE. — R T B Ik I
FERERS IR 4 S 2 ) 14 e 25 )2, SCiik [ 6,10 ]
ARG A 0. 76 mm JEAY AIN /AT 2 em J&
PR, FHFHISS B S B T b TFanla Bf
B G 18 S AP AR 1 A FL 8, A S R A 4 A
FERERS I A4 B Z (LT IR B, $ v i b R 2R
AL 25

8(a) LA T JLFP A BT7E 10 ~40 GHz i il 4
X o R ER I 25 T e 1 G Ak 5 e Ao S N A 4

25
30 -
35
)
Z 40r
<
O
45 -
/ —- Ga_M5
-50 —— Ga_ldeal

-55 ;/
L 1 1 1 1 1

Freq (GHz)

Bl 6 ANl <g a2 1) r R A 6 e IR X 4% i 46 4 14
B

Fig. 6 The impacts of power grids with different metal levels
on transmission gain of on-chip antenna pair



5 /B T IO B 0 7 R T S 3R 479

201 0—0—0—0—0_ o
O/D/D
401 /
b~ e =
T o Ga ideal

-~ Ga_M5_10um
—~ Ga_M5_50um
- Ga_M5_200um

‘1OOWV\V/V/V\\V\/\_H

10 15 20 25 30 35 40

Ga (dB)
3
E%i

(a)

Ga, §,,(dB)

 y —0— S11_Ideal —&— Ga_Ideal ]
A/A/A/A/‘ —0— S11_100um —e— Ga_100um \‘\‘\‘
—0— S11_500um —m— Ga_500um

601 —A— S11_1000um —A— Ga_1000um
—g— S11_2000um —¥— Ga_2000um

|
10 15 20 25 30 35 40
Freq (GHz)

(b)

B7  (a) IE R I7HCEAS M T8 RE A I I A b R X 19
B4 2% (b) IE NI CE 50 wm B8 A AN IR] ) H U 4
PR B RZ Rk

Fig.7 (a) The transmission gains of on-chip antenna pair
when power metals with different widths are placed under on-
chip antennas (b) characteristic of on-chip antenna pair when
power metals with 50 wm width but different lengths are placed

under on-chip antennas

JE EHANEE DO EL, 3 A TR A B AR R
1 & i i AR AR TR EE AR 5. 75 20 ~40 GHz iz
I, 1A 0. 35 mm JE ARG WA 47 00 5 (9 R 2%
Pt e i, FEASIR AT AT A0 A 00 T A998 45 76
22 GHz i & 9 dB.

JCER 35 JI Th e P — A 3 IR (Y 6 Ot 2
IR SR, 1A Bk U2 1 4 )8 55
XL R I T TCER HE R T RE. 181 8 (b) Ky
BRETZ V- 1145 s 5 A B R ) 9 B eSO
R it BEATR ) 22 AL i 22 ol P81 R] KA R 704
R b EREGEE R ERAMGE , RS AL
i A AN . [ 8 (c) nI I 4R G, FYAHALIL
AT RS, HL S, B AR AR 22 GHz LI
(B3R Y [ N AN 52 BB B B2 R (3R OR T 26

o —v—with 0.7mm AIN

3z 40 0 with Imm GaAs

< —Oo—with Imm glass

© —o—with 0.35mm diamond
-50 —H— with nothing inserted
601 aa/ 10 Ohm-cm Si substrate

1 |
5 10 15 20 25 30 35 40

Freq (GHz)
(@)
20F
=25+
=30+
—O— Ga_0.lmm
%\ -35 — Ga_0.5mm
e —— Ga_lmm
O 40 —/— Ga_2mm
—+ Ga_3mm
45 —>— Ga_4mm
—tH— Ga_No metal
-50
o5 | | | | | |
10 15 20 25 30 35 40
Freq (GHz)
®
™
)
e
Q
3
£
~ > A A A
—e— Phase_Ga_14GHz—— Phase_S11_14GHz
—m— Phase_Ga_18GHz—— Phase_S11_I8GHz
-100 jV —a— Phase_Ga_22GHz—A— Phase_S11_22GHz
—¥— Phase_Ga_26GHz—— Phase_S11_26GIE
—« Phase_Ga_30GHz—<— Phase_S11_30GI
150 E | > Phase_Ga_34Gllz—>— Phase_S11_34Gllz |
1 2 3 4
Separation (mm)
(©)

K8 (a) 7ERERT IR IR B IR Z B 5 AN B A
REXT ekl ss (b) TR G @ A B e i =
REXHE RN #5 BNE (c) BRETIUR G & AL B BUE X 6,
5 S, BIALE e

Fig.8 (a) The transmission gains of on-chip antenna pair
when different media are employed between silicon substrate
and heat sink (b)The impacts of the location variations of top
metal for packaging on transmission gain of on-chip antenna
pair (¢)The impacts of the location variations of top metal for

packaging on phases of G, and S,

GHz KEMEE GBI A /NT 1 mm B, S, A
BRIRACA. X2 T o 20 < Ja AR 2 A ) 5 3
ik B, T T Sy B IE T AR AL A AU £ K



480 a5 =

K P AE R 30 %

INECS BRI 32 B0 G S M, Rk 5 = B4
SRBZ AN E T AT | mm. 3§12 ER T, 4
G, BRI A2 A e R T 2 (6) JT L4 -
BART 18 GHz I 15 B A YA A 2 Bk ek
Az (7) P,

Phase(Deg) = 13.7 +22 x f - 1.17 xf* +0.014 x f°

Phase(Deg) =297 — 10 x f
2.4 % & Dummy Fills {50

Tl AL CMOS H B % % 2 DL L 45
TLEZHAYESR A ) IR # 2 A A —
SO ST, BRSO 30 um x 30 wm | [A]BE Dy
50 wm AYT)Z @ Dummy Fills. B filf K2k i 1% i 4
i 7E 28 GHz LAFAH H AR G5 F s SR i R A1, e i
1E 1 dB 7iA5 , #5d 30 GHz I 48 45 W 56 4 A2 520 5
B AABFE (S, ) 18 3128 B die /)M IR 0 3R AR 25 4 A L A
FAwFe T 2 GHz. B 33 2 45 Ja W57 1) R[]
P a3 (A0 A X B ) DI ), A 45
FEH AL, R T 1 A AL s 25 AH 1 OB

3 EXRZETAN

SR P HR A /N 2% o 42 T A AR X R 2 A
FAOL K BEBTR TP w8 LA SRR T R P R, A
W EA R a R S A T —E R BRI RN
AIBET TR, R4S N T

< F BREN Z 18] Al AR R A BN i R K
JER R PAT & R R SE T A X Rk
Rk S T L2200 5 Ay PRI v A 5 I [] o i
JBUAE i AN A W SR B BR , 46 J8 4k 5 Kk =2 [] e /N R
Byt KT 50 wm;

- B BRGNS ZIE A LA R EE T REN 4
JRE L, e )E & Wi S R Z A Y BB R T
100 wm B, 43 J 2 i 4 B2 | 0 J32 R0 ) BF 0 R 2 1

RENA XS AT L2200 5 2 4 S 2 W i K 2 22 ] Y R
B/INT 100 wm 1, 4 J 2k 52 THER AT £ {5 1) 55 55
R i 5

- TE RO Z [A] 1 DXl P 1 S £ A1 Jey H
PRI I s TEREZRIE T 7 I R IR & A
AL AL AN IS B 78 2 W] AR (RN T
500 Mm,ﬁgd\ﬁ: 50 p,m) ;

- VB INEICR A B X R R 25 1452 e, T AE L
g FEERS IS 2Z 18] 5 | AGE 24 5 B 1 4 WA 4 Jo 5
SRS TOUZ 25 4 i o TR R 1 5 Wi ] LA 220 g, G

. (6)
(7)

Hh EREMEEBETRT 1 mm;

- B BRSNS Z B T X s Y 4 % Dum-
my Fills ( R5F/NF 30 wm x 30 pm, [&] K F 50
pm ) X R AFE BRI AN R, 7T DL A2

4 i

ST T 4B AL 2 R % 1 I
B R L FE S A RS, L0 42 8 28
U B S 48 Dummy Fills 4. 7] HFSS
52 mm K30 wm G5B 1 mm R E R
SR XTAEA R4 B THE 4 R HEAT T RIS 4007 L 15
T IE T R T 25 A UL,

REFERENCES

[1]Kenneth K O, KIM K, FLOYD B, et al. The feasibility of

The Proceed-
ings of IEEE/ACM International Conference on Computer-
Aided Design,2005:976 —981.

[2]JIANG BT, MAO J F, YIN W Y. An efficient ladder re-
flector antenna for interchip communications[ J]. IEEE An-
tennas and Wireless Propagation Letters 2008 ,7 777 —780.

[3]SEOK Eunyoung, O K K. The impact of power grid to the
performance of on-chip antennas[ C]. The Proceedings of

on-chip interconnection using antennas[ C].

IEEE International Symposium on Antennas and Propagation
Society,2005 ;532 —535.

[4]0 KK, KIM K, FLOYD B A, et al. On-chip antennas in
silicon ICs and their application[ J]. IEEE Transactions on
Electron Devices ,2005,52(7) :1312 — 1323.

[5]SEOK Eunyoung, O K K. Design rules for improving pre-
dictability of on-chip antenna characteristics in the presence

The Proceedings of IEEE In-
ternational Interconnect Technology Conference, 2005 :120
-122.

[6]GUO Xiao-Ling. CMOS Intra-chip Wireless Clock Distribu-
tion[ D]. Ph. D Dissertation, University of Florida, 2005.

[7]BRANCH J, GUO X, GAO L, et al. Wireless communica-
tion in a flip-chip package using integrated antennas on sili-
con substrates [ J |. IEEE Electron Device Letters,2005 ,26
(2):115-117.

[8]YOON H, KIM K, O K K. Interference effects on integrat-
ed dipole antennas by a metal cover for an integrated circuit
package[ C]. The Proceedings of IEEE AP-S International
Symposium on USNC/URSI National Radio Science Meet-
ing,2000.782 —785.

[9] SU Qing-Feng, XIA Yi-Ben, WANG Lin-Jun, et al.
Growth and electrical properties of (100) -oriented CVD di-
amond films[ J]. Chinese Journal of Semiconductors,2005,
26(5) :947 —951.

[10]KIM K, Kenneth K O. Integrated dipole antennas on sili-

con substrates for intra-chip communication[ C ]. The Pro-

of other metal structures| C].

ceedings of IEEE International Symposium on Antennas
and Propagation Society, 1999 :1582 —1585.





