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Abstract

This paper presents on-wafer measurement methods for the scattering coefficient, power, and noise figure of a semiconductor circuit
in the D band (110~170 GHz). The calibration algorithms for the S-parameter measurement were compared, and the effect of the total
coplanar waveguide (CPW) width of the commercial calibration standards was examined. In the power measurement, the accuracy of
the measurement value was improved through precision path loss evaluation. In addition, in the noise figure measurement, the system
configuration and calibration method are presented, and the path loss compensation is examined. The detailed configuration and consid-
erations for each measurement system are presented, and the measured results of the designed low-noise amplifier (LNA) chip are
presented.
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Fig. 1. S-parameter measurement system.

7F QAR 71EE dste] 22 A TR2EIL H=E

7132 1SS 138-3572 18 2(a)°l
UERA AT 7]40 l‘jé 1(b) o 72+ Azt & 9ol 22
FaL olggith 7o) AAIZ el WAL & I radiation
effect), 3% ZH(surface wave) 52 GFo] Gt =H], Al
Zhe) F o] FH&0] 95 LR WA K& 92~
9.9 frAkste] FH Tl o3 FFe =Y F W] WE
ojtfll, B 228 ARl M Al Fshs 7o o] Al
2ty A 9QelX 9] s 7IFoRE AR #e Al

iy
A 71?& < 1% 2(b)<} 7e] CPW(coplanar waveguide)
M2 FAE QA AHTEs FIF frwe CPWE] &



Calibration substrate

S‘_JLT' OPEN, LOAI?' T.HRU A }- For probe pitch 100 pm
5 4 %‘ - - T } For probe pitch 125 ym

\JL For probe pitch 150 pm

LINE =

i & o f ———
M 138-357 s§§ 113
. 4 CASCADE MICROTCCH® M 2006
(@) 71 AR
(a) Substrate photo
Resistive layer .
[a]
°
10 o L2 ﬁ E
=
0o — - —
10 00 L1 DH
[-%
=
Short  Open load  Thru .
(Reflect Reflect Match Line) Thru  Reflect Line

(b) ¥aFE e g 7IFE Ad

(b) Calibration standard patterns according to calibration algo-
rithms

a8 2. 24 7EE

Fig. 2. Calibration standard.

U ¥ (ground to ground) et 2] (1)9] AAE 7HEIGE,

2
W2 pyep (e, — 1) (D

A7 e 719 AT fd &l
ISS 138-357° 4= Z2H 3] X|(pitch)ol] whe} 32

o] HA YH7t b 34 NFEES Ayeit Ze2d

Ao Wl GA UHIZE U BAY Fo1 2 Ee) 8

Q3t7) g ot 7k CPW % Uinje] wheba] A ks

fmax =

o o

of

1. 24 7= AH 7hsd A Foke
Table 1. Maximum usable frequency of calibration reference.

ISS 138-357

Probe pitch 100 um 125 um 150 pm

CPW total width 230 pm 280 um 330 ym

513 GHz 435 GHz

Foar 625 GHz

fle1m e D-Ujo sz AT A5 574

15 —
o ———SO0LT (150 5
% (150) §;
E_ZD / - 84
@ )
25 g2
120 140 160 120 140 160
Frequency (GHz) Frequency (GHz)
13 90
o Qo
o 380
= 20 ke
N & 70
o
21 )
25 Y 60
120 140 160 120 140 180

Frequency (GHz) Frequency (GHz)

T8 3. 100 pm ¥ X4 7]%E LOADS} 150 ym ¥ X &
71%% LOADS SOLT ¥4 ¥ =423}
B

Fig. 3. Comparison of measurement results of 100-um
pitch LOAD and 150-um pitch LOAD.

St FE 1 19 ARedth v 715w 2Rl(line)E
o] A FFOZ = IaF HEE Fol7] Hal dAE A

4 o] o(resistive layer)7} 7 A E o] A, o] AL
CPW A 29| F& F YHE S7HAA, 150 um 3|2 Hj
A 745 F571 435 GHzoll M3 Eol5 Aot
% 3 100 ym 3% ZZHE AFE-3}T, 100 ym )
A& 71EEH 150 pm AL 7EES 72 o] &3t
LRRM(line-reflect-reflect-match) 24 S 3l22 LOADE =
At74717(device under test, DUT)Z S s+ Z3}olth
D-tf el M= 100 ym A& 71FE 3 150 pm I A&
NEE SAAT Aolol Aok A {INA, tE
DUT(open, short, thru)ll teir e L 235 Bk
719 4+ SOLT(short-open-line-thru), LRRM, mTRL(multi
thru-reflect-line)2 ©]-&-3ke] w43 DUTS| ZA3}o|t}, DUT
T AA7IEEH TYeta, WA o|F tA] DUT 34 =
8tk Line 71F=0] 150 um | A]o 53 A 2= 7]
rq1 o, SOLT, LRRME 150 ym o] sl A 2+E 7]
g-25tth SOLTOIA SOL w4 el 714 Y E
l A2 AZAE AFs gs EEstdth
mTRLE] 54 IR XL Z= A ()0l 7123 @943
AR} A5 o] g3te] AR

{0

4

=

T
uLo 3l
=
79



THE JOURNAL OF KOREAN INSTITUTE OF ELECTROMAGNETIC ENGINEERING AND SCIENCE. vol. 34, no. 1, January. 2023.

_ LRRM
[——soLT
mTRL

0 h\.}'\ A" VV‘LA W

1S12] (dB)

-1
120 140 160 120 140 160
Frequency (GHz) Frequency (GHz)

1 20
) o 0
= g =
=0l ,“ — 20 ”VW\W
= O Wi 'd‘\ o \ !
3] d\' % @ 40 W"f b b

-1 -60

120 140 160 120 140 160

Frequency (GHz)

(a) THRU 443} ¥
(a) THRU measurement results

Frequency (GHz)

~ 150
[o]
e~ L
o - o
A L2100t :
o = j
o )] ! 1
120 140 160 120 140 160
Frequency (GHz) Frequency (GHz)
0 —~ 150
2
3-10 ?g’ 100 A :
=T ...\_V_? -~ g A
gzo,wwww N A'NVV\/U
T -30 ‘f’ 50 | :
120 140 160 120 140 160

Frequency (GHz) Frequency (GHz)
(b) LOAD 443} Hi
(b) LOAD measurement results
J8 4, w4 <472 Z(LRRM, SOLT, mTRL)o] w2 23}
Fig. 4. Results according to calibration algorithms (LRRM,

SOLT, mTRL).
7~ Y . Y 1+ Fload
0 ij’ JoR g 1= Tgyq 2)

1714 A% 7 mIRL FTE S ol 51o]
2 % 93, 9992 ARTFE A Z48 LOADS] WAt
A% Ty DO 2] LOADZ Ry 0145101 ©9) 72
o ANAEL 8 8L F A,

- X
o ZAHO T s A¥E AoT AR AdnZL
mTRLOI. SA71282] Hol& B8 94 gob

w]7] Wzoltt skAh J4E s glo] 0461 M2E Y
gt = YA HEe7] AHI, AR FHIY(TE
MZ 7o) 7+4, 713l A A2 91X ~)oﬂt gors
7] QRN NFE AARE FoE 7ol &
ISS 13835791 = AE el& Al ¥5kA &3, LOAD &4
AGoME B 5 9J5o] TE 13} TE 29] FH 3170
gebdo] el mTRL 243 = F TE7L tlAdo)#] ¢
o). LRRME MatchE A&t yuA] 7|EE¢l =
gk o7t BaskA ol & AYLE A ¢
F2]Fo|th Match 7]EE

E

2 A5 E LOADY] YFE A
oh Qs 9, o]9} AAH AYHEAL GV FA A
Az o7 AMAL SOLTE SOL W A7FE2] A7t
a3, & =rdAe A HEGOE AFst 7
25 (Copny Lsnort, Lerv)= ©1-8-3F9 T w4 7] 23}
Z2Ho] Ag FAo| wet Bdert A Qlth
THRU A A= LRRM#} mTRLY] SA A 37} fALs
A UL, SOLT7} 2lZ0] A &A=, o9 7+
mTRLZ} LRRM®| A2 OPENZ SHORTOIA &
sHld 4= gtk 7 WA ¢ 7+ NI E {3 o]

=20 A & LRRMO] mTRLY] A& x| 714A A=

‘_.

ox

L lo

s

e

2 E

[o —‘N

RS

% £

rlo

oX

u

=)

r

tilo

35

ok

ol
o, “lil

r>~

fu
=y

B

o o riu
ofj

R
o
R
)
B
2
i,
rot
N
FN
i
e

o
o2l
K
M ne
e
rg
>
rir
o
A
ol

ob
rz
o
ro,
o
ofo
N
rk(‘_‘
=
X
iy
é
o
ik
ofo

ol
ol

1

1 oy b o ay o

L
Bl
o
N

fo N T
Mo 2o
K1)

K
hy
=

flr L fob pfrowlot ok

2
2
o
el

ofr
i)
&

NS
e
gal
[
[
2
=
| >
L

110 GHz 01%91 Fo

46‘]— /\ ol

2, =
L)

rle o

_1
ﬂd
2
o
>
oL
X
<O,
2,
RL PN
o2l U MAr o [ 2 pR

2o
e
ST S

i oogh o &L
5

oL o
DA =)
o

L)

o
I\
o
ol

_E
ot
=2
rg o
oy ©
o
N
ox,
o
o
[
&
>
L
)
Ao,

£ S 24 18 54 WSlme) 07 A
(settling time)©] L3ttt 7]
9] LB} H 48w ojof Y3

> oX o Hﬂ
EL
i rﬁ
o
o
>,
ri
rf
e DY >,
INojo oo

[\
o2 oxl
oy
oﬁ
Jﬁ



ignal generator
Signal generato Power meter

o| S O
e H _g [ula] nno P AL
§© 8o [osse | '@
5|388 566 = © Q °

O o 0o09]

-Ifila.tifi _Waveguide_ -
¥ T 1 -I"' +

Frequency Variable _-L£ Power sensor
extender Attenuator | —Frobe ]
Clluck
(a) H8%

(a) Configuration

(b) AH
(b) Photo

J8 5. A8 54 A2"

Fig. 5. Power measurement system.

FHs e 129 AR 3 %’4*&%}%:2: 24 5}0}71 Ho}
of Fut AwrE Thed W e o] o, 44
SRE B FA AT AN s A Fue
£ P slojof st} KRISS= D theoll A 3 Auj & A
s ek Fo 4715 Bg FolgPill
golHAte) HieR] A2 2] 2HE A7) Y=
A3 A A7) Abele] AR E4E Al oF & &
AARE Z2He Euo g pA o 9ok AFAl

dolH el DY 329 AT H5 =4

A Ageshs Z2H B 2] S4E o] £k 9]
O, & =aoAe ZEH oozl Lok A ¢ A
WATE SHstd, 48 Z49] FPdE =AUk o] E
Sl WE S ZEA 7oA 2-tier WS GEotrt |
A 19 6ok Zol(AE A 718 AA ) EopadA
I-tier A& Tt o] Fol] Eopis} z2HE 9F
Stal, 19 6(b)et o] 2 H Fuhof| A SOL 2-tier w4

2 a9,
2tier A9 AFE AL o2 B3 error term)> L
N2 SAAZY NAFE &85, T A= 19 7

J8 6. &4 AR TS 2471 9% (a) I-tier
calibration, (b) 2-tier calibration 74 AF#

Fig. 6. Calibration reference of (a) I-tier calibration and
(b) 2-tier calibration to obtain S-parameter of loss

path.
0 0
g .
; =20 = M‘%
2] B 4
-6
120 140 160 120 140 160
Frequency (GHz) Frequency (GHz)
0 0
g2 g
= TN g0
o _4 o™
@ @
-40
120 140 160 120 140 160

Frequency (GHz) Frequency (GHz)

J8 7. &4 HE(EZ2H, Sy A5
Fig. 7. S-parameters of loss path (probe and waveguide).

19



THE JOURNAL OF KOREAN INSTITUTE OF ELECTROMAGNETIC ENGINEERING AND SCIENCE. vol. 34, no. 1, January. 2023.

I AU Aol 7HY). AR E4 L Sxel 271
2 o, Al B 24 FhIM UY2E Y Ponre
A Q)er 78 F ok

Py (mW)

POUT(dBm)Zlo-loglo(T) L, (dB) 3)

A71A P AEHAA 719 -3kl K& A¥A
719 WA Q1 AKcalibration factor)©]th. K& 3171 $I8) Al
T DUY AYFFo2TE Lus Wolok gtk
DUT ¥g4lse] A8 7t s 228, &t
&, 7k 2 71e) tiste] 91¢F 2ol F4& Hested, ¢

2252 488 Pl

23 A=

AP

SALH

19 8(a)= ’éFXl =7 Aldolth DUT o=
8ol A7tH L, EHL

D-EH‘E} e 2l 4O % D-hY o3

1 317](down converter) S 53] J% Ag BA7|Z 49
l’Jr. ataF ZIHE 9] Lo Q7 = AawA 7= 34 F
= oA F3k 29 (sweep) 7150l L e
A EA77F A 2B 7 E Aol F AEF GPIB(E
= USB)¢t 10 MHz 715 A5 & A%t D-ofe #+
25he] 28V AL AZE FEAFEA7Y T 8
Tate] A gt

DUT F94 F=AFE 73171 FalAl, J+ 2=
-%Jr DUT 4¥7H4 —é 13} DUT 2878 383

1
2
RS

'/] o
W9 A £AL olok ek ol 22, B
°1V‘1 Az AdAFE Fohe THORE d2 & Sith
GeAT A e AA ER ASAT A
DUTS #aA9 Fows 4 @9 22 #AE Zteth

Fypas = A4+ 4, (FLNA —1)+

71 4 A WA EAAYY F Z2ug B
el B2 FPol T, 4= F WA SAFREY & x2
o makehe] 7] Polth G DUTE o502 At
A% 4ol M 298 gholth. o278, DUTS &4
FE 4 (5)9 2k

Fixa = (FMEAS_Al _(A1(A2_1)/GLNA))/A1+1 ®))

Noise figure analyzer

GPIB )
W H: | Signal generator
= O
I—\,, | .
=] @ g8 " @O
=1 ooo
5|39 858 @ ©
] 000 @|
IF
Isolator

mWaveglll?

Noise source Down converter

Pwl}e 1
H'-Cﬁc_l; {
(2 THE
(a) Configuration

(b) AFA
(b) Photo

2429

J8 8. A=A
Fig. 8. Noise figure measurement system.

. Dt M= S5

AP

g 2

3% 99 19 102 747 TSMC 40 nm 28 & ©]-&-3}
of A&g D-OY Ags SF719 FAAEG ARlot.
oA =z fAbet 22 Ae/AE 8 AAA =
Atk ARS-SH ERMAXE] Ato]29F JHHFE 2 7 99
A GERHAT 4k AHE FEE AAEACH, A A
T W2 JFEAFE A8 35 Aol E(common gate) T+
ZE A9 st

Triple-inductive #ZH" WHE 53l L& o]

A
tlo



ol 4l DA Bzl ARt A% 54

—]— J- CN2 —L J- CN3 Output
Input M3 M7
| U [}
Ves2 Vess Vess
0 [
1 l
M4 M8
1T T~ I
MI1~M6 : 20 um/40 nm CN2: 8 fF VDD:1V
M7/M8 : 28 um/40 nm CN3: 8 fF VDD2:1.5V
MY/M10 : 6 um/40 nm CN4: 10 fF
MI11/M12:24 um/40 nm  Linter : 50 pH

28 9. DY AR 357 14
Fig. 9. Configuration of D-band low noise amplifier.

38 10. DY AR Z27) A2
Fig. 10. Photo of D-band low noise amplifier.

o gt
£
o

2
< 93t LRRM 24 01%5}» 1% ll(a)%
24 AL 49tk 19 11()e] A Ef‘ o] 5 A7
‘zl‘
e

B rlo oZi [

54291 150 GHzol A ZA e Aot} 7L A%
11(c)ol Yebd 23} 7o) 150 GHzol A 6.5 dBE

ST D-U Y B 248 g Har] AlEF oA
713 Bd o] Teslg Qs g Apolzh QAR HA A
OS2 AAGF A AFE HAEL
N.Z2 B
2 =2 dold/de] DU wieA &%)
el F2 glaulg el Aya}wﬂ# a8, A
AHE JeEP ) A S SAAME AE s}
9S &8oto] 7t 71%%94 4 A BES
Aol N LA 7EE CPW AR & Y]
Fo] A9 §lof AFste BE XA7IEE A
=3} 7]~—o}‘§ﬂ, =2 4de2 47 LRM Al
178 &S 2837, SOLTY AFEE H0]7] 9
A%

E
=

o 1o
W ok

d
AN B e o

-

i
¢

NI

o 2

e k)
il

o

o°{’

O

AAE AL AT AN A B
o Ag 24olNE e 870 S Fo8H, g
9 340 951A 4 e xgzr A 2o xg

21



THE JOURNAL OF KOREAN INSTITUTE OF ELECTROMAGNETIC ENGINEERING AND SCIENCE. vol. 34, no. 1, January. 2023.

S-parameter (dB)
> o

)
o

-30 |-

Measured S22

-40
130 135 140 145 150 155 160

Frequency (GHz)
(@) AAFAEM: A, B AEd A A
(a) S-parameter (solid: measured results, dotted: simulated results)

30

—e—1P1dB Measured
25
20
10

0
-30 -25 -20 -15 -10 -5 0
Input power (dBm)

(b) 150 GHzollAl A ] 5
(b) Power gain at 150 GHz and

Power Gain (dB)
o

——LNA NF Simulated

x X LNA NF Measured
A12 X
o
z ¥ oxx

x

9 x X L
> x X
2 X XXx X
[
o 6
2
[}
=4

3

0

135 140 145 150 155

Frequency (GHz)
(©) A=A
(c) Noise figure
J8 1. DU Afs 557 4434
Fig. 11. Measurement results of D-band low noise amplifier.

References

[1] G. N. Phung, U. Arz, "Impact of chuck boundary con-
ditions on wideband on-wafer measurements,” in 2021
IEEE 25th Workshop on Signal and Power Integrity(SPI),
Siegen, May 2021, pp. 1-4.

[2] F. Schnieder, T. Tischler, and W. Heinrich, "Modeling

22

dispersion and radiation characteristics of conductor-
backed CPW with finite ground width," [EEE Transac-
tions on Microwave Theory and Techniques, vol. 51, no.
1, pp. 137-143, Jan. 2003.

[3] G. N. Phung, U. Arz, "Parasitic probe effects in measure-
ments of coplanar waveguides with narrow ground
width," in 2020 IEEE 24th Workshop on Signal and
Power Integrity(SPI), Cologne, May 2020, pp. 1-4.

[4] F. J. Schmiickle, R. Doerner, G. N. Phung, W. Heinrich,
D. Williams, and U. Arz, "Radiation, multimode prop-
agation, and substrate modes in W-band CPW calibra-
tions," in 2011 4lst European Microwave Conference,
Manchester, Oct. 2011, pp. 297-300.

[5] R. B. Marks, D. F. Williams, "Characteristic impedance
determination using propagation constant measurement,"
IEEE Microwave and Guided Wave Letters, vol. 1, no. 6,
pp. 141-143, Jun. 1991.

[6] D. F. Williams, R. B. Marks, "Transmission line capaci-
tance measurement," IEEE Microwave and Guided Wave
Letters, vol. 1, no. 9, pp. 243-245, Sep. 1991.

[7] G. N. Phung, F. J. Schmiickle, R. Doerner, B. Kéhne, T.
Fritzsch, and U. Arz, et al., "Influence of microwave
probes on calibrated on-wafer measurements," [EEE
Transactions on Microwave Theory and Techniques, vol.
67, no. 5, pp. 1892-1900, May 2019.

[8] D. F. Williams, R. B. Marks, and A. Davidson, "Compar-
ison of on-wafer calibrations," in 38th ARFTG Confer-
ence Digest, San Diego, CA, Dec. 1991, pp. 68-81.

[9] J. Y. Kwon, D. J. Lee, A. N. Bakti, and W. K. P. Angin,
"Development of a V-band millimeter-wave source mod-
ule," Journal of Electromagnetic Engineering and Sci-
ence, vol. 16, no. 4, pp. 225-228, Oct. 2016.

[10] J. Y. Kwon, A. N. Bakti, and N. W. Kang, "Spectral
purity measurement of millimeter-wave signal sources,"
in 2019 93rd ARFTG Microwave Measurement Confer-
ence(ARFTG), Boston, MA, Jun. 2019, pp. 1-4.

[11] I. Kim, W. Kim, and S. Hong, "A D-band variable-gain
LNA with triple-inductive coupling gm-boosting," in
2022 IEEE International Symposium on Radio- Fre-
quency Integration Technology(RFIT), Busan, Aug.
2022, pp. 194-196.



o=
5 34

o5)4ke] D-oje] Sz A}
A74€]

3
19904 29: EeFHh St AAA7) 55
AAA7| 28

A [B=EEHsATY/
1988 29 BT Sk ATt (B

2 o
https://orcid.org/0000-0002-7457-6585
3} (F3AN
2001 29 E&F st
2002'd 39 ~2003'A 3€: George Green Institute

]

a]

F A A [BFERHTATLAIDTY]
https://orcid.org/0000-0002-8337-1821
2008 249: E=r3tetrled A7) 2 A
Fo3h (Fp
20159 24: E=r3tetrled A7) 3 A
Foat (Fohua)
2015 3€~89: drebrled A7) % # (3D
AR A5A72 d
20159 99 ~&A: T gEFetad 1y A for Electromagnetics Research, University
A EEIE AT of Nottingham, Nottingham, UK., Visiting
20184 49 ~79: 9= FYEATA NPL AYATY Researcher
[ RAEOH A% YTiEs SYuE, weA 34, s 1900 20 AREESATY SURTES Ak
X 1w 974
[ BAEON AR} SHEZ(RHE, A8, RFAS, AT,
244%5), EMC 2HEZE
A9 A (BRGNS 2 A @ RFEFHIATAAYATY]
https://orcid.org/0000-0002-4340-4780 https://orcid.org/0000-0003-2506-576X
2018 29: A gL A7) AR} 2004 T sty ARt (28
C) 20064: EehotiL AAFA (F3HAh
20004 29 QAL AN AAZHE 2009: Fojrhsta AT (FEAY
(FAAh 20099 ~2012: A A AFATLY
2020 3L ~FA: F=A}rIed 47 20129 ~8A: d=EFEAetATd AR
2 AAFE A HEFIE AYATY
[F ZAEOH Y 374, 2155 Y o 20174 1|5 FHEZ7|EATANIST) A9
Zuest 3 A7 @79
20169 ~2017: 271872285 o) AAATA
[Z ZHM 20} RF Waveform, TR E E4A 3, AR g 24 ¥
Z 23%% 2 ¥ QEt 44 5
4 A & [EEEEAsd /A g7 ) 2 ¢ A [LIGHAY/FA AT
https://orcid. org/OOOO 0002-0572-1005 https://orcid.org/0000-0002-2198-8754
1995 29: AR s A28k} (23 1991 28: =3t A Akgetat (F8h
1998 29: d=r#371ed A7) 5 A 1993 29 A=t Aoty (Fg
T3 (FAA A2
20024 29: FFAS1E A7) D A4 | 2004 29 AFTh S HRFAF A
Fost (o - (FahuAh
20024 39~20054 3Y: LGAANEY ' N 19929 11€~2001 11€: (F)HHAzk
LA EATL AdATFY ’ GRS
SRR TY B EEEE Ay} 2001 129 ~2005 79: A157ledTd #AAT
a 2005 8Y ~&A: LIG 929 #4974
Aty S48t w5 [F ZHZOH 2375} 3244, De]nE gt A5 2 MMIC
AATAY, A5~ 2 Folth 2 22 A4 A2d

20059 49~

EEIF IFYAYAT

201349 39~ A 28}
A20H Mg SA 7w

7 @

r

)

AN
o,



THE JOURNAL OF KOREAN INSTITUTE OF ELECTROMAGNETIC ENGINEERING AND SCIENCE. vol. 34, no. 1, January. 2023.

T 4 A [S=EHred/aT
https://orcid.org/0000-0002-3675-1565
198213 2€: A&t Akt (A
198413 29: A&t A} (F3H4IAh
1989'A 49: The University of Michigan

713k (F8ah
1989 5¥~&AA: =A3r|Ed A7)
‘ 2 AR T

S [ 2 Z0H BejvEs AxT 4

A, 2evE s F4, delt

24



