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Abstract— This paper compares several de-embedding the 100 GHz. Indeed beyond this frequency, environmental
methods over millimeter and sub-millimeter wave frequen-  measure around tHBUT is very critical and the effects of the
ciesin integrated technology. These methods are compared  pads and the substrate are no longer simple localized parasitic
for SSCPW transmission lines considered as device under  elements de-embeddedhe de-embedding methods can be
test. From these comparisons we propose an effective way  classified [1] into three types according to the size of the DUT
to de-embed transmission lines. A method called “Half- and range of the frequency:

Thru de-embedding method” is especially discussed. The 1. Lumped equivalent circuit model

SCPW transmission line model and results are obtained 2. Cascaded Matrix Based
from Ansys HFSS Simulations in BICM OS 55-nm integrat- 3. Mixed models - matrix + lumped model
ed technology. Lumped equivalent circuit methods [1, 2] are used to de-

embed small feeding lines lengths (as compared to considered
wavelengths) and remain effective to de-embed the devices at
low frequency since transmission lines are considered as
lumped models. Thus, these methods are no more valid at high
|- INTRODUCTION frequencies since feeding lines can be longer itigh In the
ILﬁmped circuit equivalent method the parasitic effects of the

Nowadays, measurement and characterization of devices y dint ‘ deled as | d el "
millimeter and sub-millimeter wave frequency range is alwayga S and interconnects are modeled as lumped elements as e

a challenge. The applications of millimeter and sub-millimetd?'0itéd for example in [1]-[3] and shown in the Figure 2.

Index Terms— De-embedding methods, characterization,
millimeter wave, sub-millimeter wave , integrated circuits,
SCPW transmission lines.

wave frequency circuits (Video-streaming 66GHz, 76- G3

81 GHz automotive radar, medical imaging 140 GHz ...) are I 1

among the main research area in communications domain. Z1 - 22
Since considering the high frequency and thus the small size of [:, —l_
the devicesefficient de-embedding methods must be adnsi a1 62
ered to obtain accurate measurement results. 3

The general measurement system for on-wafer device under | | |
test (DUT) is shown in Figure. The DUT is connected to the Figure2. Lumped equivalent Circuit Model
PADs with on-wafer interconnects. To eliminate the effects of
the external interconnects (coaxial cables or waveguides) an@Cascaded equivalent model is more accurate since feeding
probes, a VNA calibration is considered. Then we need tmes are considered as transmission lines. In the cascamled m
move the measurement reference plane close to DUT by dex based methods [3-5], the whole test structure is taken as
embedding pads and on-wafer interconnects to remove theifscaded network, as shownFigure 3 which is more suitable
effects. for higher frequencies.

mmW Measurement: ] ]

[ S [— pa— |
/ Vector Network Analyser po Probe | | Intercon DUT Intercon | | Probe :
Pad | | nect nect | Pad &

Port

Figure 3. Cascaded Matrix representation

Interconnects: Mixed methods [4-6] considered a combination of boer
Up to DUT — caded matrices and lumped equivalent model circuits, shown in
the Figure 4These methods are used to accuratiehembed

| . O . .
= —— = both the feeding tre_msmlssmn lines and couplings between i
= \—/7 =) brob put/output DUT devices.
Probe Pad On-wafer Pad robe o
interconnects P— — _L:UT | . —e
¢ | Probe Intercon  © “ | Intercon Probe t
Figure 1. Measurement setup of a device under test g Pad nect 2 nect Pad &
-— - —_— — e

De-embedding methods [1-8] induce maodifications of the
design of passive and active circuits in the millimeter and sub-

millimeter frequencies. Today, no solution provides a reliable a|| these methods have been investigated for frequencies up

and reproducible measurement of circuits in the silicoe-intyq g5 or 170 GHz but not more. In our study, we will compare
grated technology for sub-millimeter wave frequencies, beyorge efficiency of these methods with thedalf-thru de-

Figure 4. Mixed model - matrix + lumped circuit model
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embedding methddup to 250GHz. After having explained from the ABCD Matrix of TL; andTL, by converting the [S]
briefly the Half-thru de-embedding method, comparison resulteatrices ofTL; and TL,into [ABCD] matrices {1]. This pio-
will be done by considering fullwave electromagnetic samul cedure is illustrated in the following

tions with Ansoft HFSS.

AB] =[AB A BI'fA B 1)
Thru

II- HALF-THRU DE-EMBEDDING METHOD
) . lc b c Dl,;Lc Dl,LCc DI,
Half-thru de-embedding method is a method based on matrix

calculation without any electrical model. The model of saea Then, to derive the equivalent model of the half-thru (pad

Figure 5. tion coefficient ' of a half-thru loaded by a known load, of
100Q. From the Signal flow graph theory (Masons Rule) [11],
: we can extract the effects of Pad and access line from the thru
= Probe | | Intercon | Intercon | | Probe | o and load.
: I putT | | £
< ad | nect nect Pad &
Half-Thru - Half-Thru Sy = S Sl Sur 2)
227 Syl = Surl = Sorr
— — — <2
Figure 5. Half-thru De-embedding method Sa1 = S12 = Saar- (1 = S33) @)
S11 = Siir — Sar-Sa2 (€))

In this method the pad- interconnects parasitics are modeled ) o
ashalf-thru sectionsThe aim of this method is to well take the Su i the reflection coefficient of the Load through thedfee
parasitic effects of the half-thru (pad and on-wafer feeding iing line (Figure 6.0). $=Ser and $1=Spr is the S-
terconnect) of th®UT into account. The goal is to eliminate Parameters of the THRU derived from (1).
the effects of the access lines and contact pads from the meay|_5_ exiraction of Load value

ured circuit. Three de-embedding test fixtures must be donsi h hallenai f th f-Th L
ered to obtain our de-embedding as shown in Figure 6. In oHrT e most ¢ aferr:gl?g gartlo the I;a I-T drudde-ergbgg_dlng IS
case, DUT is a long S-CPW transmission lir [7 the extraction of the load value in the load de-embedding test

structure. For extracting the load valwe mustde-embed the
load test fixture. For de-embedding the load value we can use

L‘ \i different de-embedding methods such as Open, Open-Short,
s = From thru de-embedding [1] which all promises good de-embedding,
m Zis since the parasitics effects are considered as a small PAD. The
G | G | de-embedding structures for open-short de-embeddingXer e
PR pceessime ransmission Accesstine. *° roan o tracting the load value is shown in Figure 7
Halfthra | M0 S ot HaliThry

@ (b) ‘ G | \i G
= s =
sl sl s

— —
PAD PAD Open PAD Short

PAD Acf:ispsul\ilne SCPW Transmission A:i‘::::ne PAD
Half-Thru Line, 12 = 200um Half-Thru (a) (b) (C)
(© Figure 7. Test fixtures for Load value extraction: (a) Load asTDb)

. ) _— . . Open (c) Short
Figure 6. Test fixtures circuits: (a) TL1, (b) feeding line+Load

©TL2=2TL1 The S-Parameters of the de-embedding structures are co

In order to obtain the real parasitic effects induced by ea(\:/ﬁrted intoY parameters in order to obtain Higap as

half-thru from both sides of the DUT, this method musi-co Z onp = (Your — Yoren) " — (Ystort Yoren) * (5)

sider first two test fixtures calle@lL, and TL, (double length

compared toTL,) to obtain the thru S-parameters and tae r !l -SIMULATION RESULTS AND DISCUSSION

flection coefficient I' of a half-thru loaded by a known load Z  The half-thru de-embedding and the comparisons of other
of 100Q, to derive the equivalent model of the demi-thru (pad de-embedding methods are performed for a 400-um SCPW-
and access line) of the DUT. transmission-line length by using Ansys HFSS. The back-end-
of-line of the55nm BiCMOS integrated technology. Slow-
wave coplanar waveguides [9](] are based on conventional

In order to obtain the real parasitic effects induced by eag@planar CPW transmission lines with a patterned floating
half-thru from both sides of the DUT, this method must-co shijeld, including floating metallic strips under the line, as

sider first two test fixtures calle@iL; and TL,. Each of these shown in Figure 8

test fixturesTL, and TL; consists of the on-wafer pads with @ The dimensions of the coplanar strips are given by: a signal
transmission line of same transversal physical dimensions thgtth of the SCPVWWV= 4 um, a ground width W, =12 um and

the on-wafer feeding interconnects (same characteristicdmpe, gap between the signal and ground G=40pm. The fingers

ance Zc, propagation constaiitand a physical length, orL,  have strip width of SL=0.16 um and are separated bysa di
whereL,= 2.L; The equivalent model of a thru can be derived

II-1- Theoretical analysis
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tance ofSS=0.2 um. The characteristic impedance of the line is
0
about 70Q. (

-20F C
J A4 '

@ “40|—DpuUT SCPW400um 1

z Half-Thru SCPWAL De-embedd

» 60" Mangan Method |

-+ L2L Kolding De-embedd
L2L YZ De-embedd

Figure 8. SCPW Transmission line. -80|-+-Vandamme Method 1
ThruOnly De-embedd
The measurement set up of the device is shown in the _100=—"TRL r
Figureo. The SCPW DUT is connected with pad and gran 50 100 150 200 250

mission line interconnects. Frequency(GHz)

Figure 10. Reflection coefficient of SCPW line

? A::Z::i‘ne DUT : SCPW Transmission Line Aci‘g::::ﬂg “ean
Half-Thru Half-Thru .
Figure 9. Measurement setup of Hallhru De-embedding f'* 1
o —DUT SCPW400um 5‘ vy
The de-embedded results for SCPW transmission line amg -1|~ Half-Thru SCPWAL De-embedd ! “u'r
plotted in FigurelO, to Figure12 by comparing the "half-thru & | Mangan Method ! ¥
method with other existing methods (Vandamme [2], Mangan “+L2L Kolding De-embedd i
[4], L2L Methods [3,6, Thru only de-embedding method)s ~ -15| L2 Y2 De-embedd i 1
and TRL [7]. The red curve correspond to simulations of the ThruOnly De-embedd s
DUT without any access lines and PADs in order to know the -=-TRL
true parameters of this DUT. The S-Parameters and the -2 50 100 150 260 250
characteristic impedance of the SCPW transmission line are Frequency(GHz)
calculated. Since the pads and interconnects are not
approximated with lumped circuit elements, half-thru de- Figure 11. Transmission coefficient of SCPW line
embedding is more efficient than other anes
From the S-parameter de-embedded resHigsré 10 to Fig- 80

ure 12), the half-thru de-embedding method allows to obtain i
better results than other de-embedding methods especially co '
cerning the characteristic impedance which is dropping off
when the frequency increases. Concerning the three stép met
od of Vandamme, the limitations appear at very low freque
cies, due to lumped circuit modelling. In Mangan method theg@
pad is assumed as a parallel admittance inducing tooehad rE
sults above 100 GHz. In the cascaded matrix-based method [3-

—DUT SCPW400um
Half-Thru SCPWAL De-embedd

-%-Mangan Method

40|+ L2L Kolding De-embedd

5], no approximation of pads and interconnects is done, but the L2L YZ De-embedd o

method is good for only symmetrical pad structures and even if -=-Vandamme Method \
symmetrical PADs are considered herein, poor results are o ThruOnly De-embedd \

tained above 100 GHz especially concerning the characteristic ---TRL

impedance because of the discontinuity between padscand a 2° 50 100 150 200 250
cess lines. TRL calibration technique [7] de-embeddingnpro Frequency(GHz)

ises good results over the 200 GHz. But the limitation of de- ;g 612 Characteristic impedance of the SCPW transmission line
embedding with TRL is that multiple lines are required te-co
er the wide frequency band. Il -1-De-embedding with and without SCPW accessline

There are two kinds of de-embedding devices in thealiter
tures. Firstly, when the DUT is directly connected to the PAD
[4], [6]. Secondly, when the DUT is connected to the PAD with
interconnecting lines [3], [5], such as transmission lines. In this
part we are comparing the de-embedding with and without the
accesslines, means whether the long interconnects is required
to characterize the DUT in the millimeter and sub-millimeter
wave frequency range. From the plots ®f, S;; and the
characteristic impedance vs frequency plots (Figl8eto
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Figure 15), it is clear that a bettate-embedding is obtained IV-CONCLUSIONS AND PERSPECTIVE
from the DUT when accesslines are considered. If the DUT ispn  effective de-embedding method (Half-thru De-

directly connecting to the pad without interconnects, thgmpedding) for SCPW transmission line de-embedding lat mi
discontinuity between the PAD and the DUT will not well dejimeter and sub-millimeter wave frequencies in the integrated
embedded. This will affects the accuracy of the de-embeddingchnology is proposed. In this method, there is no appeoxim
especially for very high frequencies. For a good de-embeddifign, for the parasitics of the pads and interconnects. Also an
there should be good continuity of wave propogation in front qffective way of de-embedding the SCPW transmission line is

the DUT.

-40¢ ——DUT SCPW 400um
Half-Thru PAD De-embedd
r ——Half-Thru SCPWAL De-embedd
-0 50 100 150 200 250
Frequency(GHz)
Figure 13. Comparison of reflection coefficient

S21(dB)

——DUT SCPW 400um
Half-Thru PAD De-embedd
——Half-Thru SCPWAL De-embedd

s 50 100 150 200 250

Frequency(GHz)
Figure 14. Comparison of transmission coefficient

Zc(Q)

—DUT SCPW 400um
Half-Thru PAD De-embedd
——Half-Thru SCPWAL De-embedd

50 50 100 150 200 250
Frequency(GHz)

presented. For a good de-embedding, there should be a good
continuity in the wave propagation through DUT is required.

We now need to realize and measure these devices td-conso
idateour electromagnetic simulation results.
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