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Abstract—For millimeter-wave CMOS circuit design, ac-  since in all of the mentioned methods there are two results
curate device models are necessary. Especially an accurate which can be solved for two unknowns. Actually, the pad
de-embedding method is very important. Hence, precise de-  agn0nses are not symmetrical but reciprocal. As a result,

embedding of pad parasitics is the first and valuable step . - .
to achieve accurate device models. In this work, a new pad the pads should be characterized with three variables for

modeling based on an L-2L de-embedding is proposed. The More accurate de-embedding.

pad model is derived with an assumption that characteristic Referring to these reasons, in this paper, a new pad
impedance of transmission line becomes constant at high model is constructed with three components, and the
frequency. Every device used in an amplifier is characterized 4| 1ation method to solve three parameters are presented
with the proposed de-embedding method, and simulation . - .
and measurement results well agree with each other up to with the resglts of L-2L de—embeddlr?g.m_ethod and using
110 GHz. the assumption of constant characteristic impedance of TLs

Index Terms— De-embedding, mm-Wave, modeling, trans-  at high frequencies.
mission line, CMOS
II. CONVENTIONAL PAD MODEL

I. INTRODUCTION To use L-2L method, two TLs are needed, the length of
Wire'ess Communication Systems in mi”imeter-wa\/e one iS tWice the |ength Of the Othel’. F|g 1 br|eﬂy i||ustrateS
(mm-wave) frequency range attracts attention from botHhe L-2L de-embedding method.
industry and academia in order to achieve high data-rate In terms of T-parameters it is expressed as follows;
systems. One of the best candidate mm-wave frequency

range to achieve several Gbps data-rate is 60 GHz carrier, Tmeas B TipadT outTRpad @)
where an unlicensed 9 GHz bandwidth can be used. This Tt+pad = TipadTLTRpad (2)
9GHz unlicensed band enables tens of Gbps communi- T2t+pad = TipadT2tTrpad (Toe =TLTy) (3)
cation with a proper modulation scheme [1], [2]. For a T = TLpadTRpad=TL+padT§Ll+padTL+pad 4)

complete TRX to be implemented with desired perfor-
mances, accurate active and passive device characterizatigd€'®: TL+Pap @nd Taiipap are the measurement results
and modeling is needed, because the models provide TLTQ"T'-PAD andTRPA,D are the T-parameters of left pad
by foundries, unfortunately, are not accurate at mm—wavé’md_rlght pad, respectively.
frequency. Moreover, several customized devices are es- Su_]ce the m_easurement results of TL TEGs are sym-
sential. The very first part of device characterization isMeiC and reciprocal, the thru has two known values in
the de-embedding process, which is used to remove thigrms of S, Y or Z-parameter. O,n the other hand, because
effects of test fixtures (probing pads’ characteristics) frompads are reciprocal passive device, they are supposed to
measured results of any kind of Test Element Groupbe expressed by at least three parameters (double-T-type)
(TEG). pad mode_l using three parameters shown in Fig. 2. It
There are vast number of studies about de-embedding. i} impossible to detgrmn_e these three parqmetZ[s (
[3], several de-embedding methods ([4]-[6]) are discusse&z' Z3) due to the I|m|tat.|ons. of .the cal_culatlon of L-
on the characterization and modeling of transmission Iinegl‘_ method, some approximation is required. Thus, only
(TLs) and their influence on amplifier response. AccordingusIng the thru response the pads can be modeled as
to [3], L-2L method is the most accurate method [6].

G] Gl [ ., & [@E G] [GlG
Still, L-2L method is not accurate enough in very high SETrs| X [T x [S5] = [S[S
frequgncies. The reason of this inaccuracy is the avail_able =l sl [ sl (] sl e
less information from the measurements then reqL“red'Fig. 1. Graphical illustration of L-2L de-embedding method.
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Fig. 4. Comparison of TL characteristics.
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Fig. 3. Conventlonai pad models. o -
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impedance with two different versions agype (Fig. 3(a)) 5
and T-type (Fig. 3(b)) circuits. Left-pad and right-pad can
be expressed by Y-parameters usimgype as follows;

Ythrun: {Yll le} = [Yl+/Y2 /_Yl /] (5) ot
Y21 Y22 =Y, Y +Y, Thus, Q, a, and B characteristics of TLs are not
different depending on the pad model but the characteristic
Yipadrn— [Yllz\? Y12 2;(\1(2 ]YRpadn: {—;{Yn y 2Y1§( } irrz1pedance is Qifferent. When de-embeddedmvype, a
12 ez 12 T1— N2 (Z—; 4 1) fold difference occurs only in the characteristic
Similarly, T-type of thru is given in terms of Z-parameters impedance. Also a/(% +1)2 fold difference occurs only
in Eq. (6). Again in a similar way, Z-parameters of left-pad in the characteristic impedance by T-type pad model.
and right-pad are provided. Fig. 4 compares the characteristics of the de-embedded
/ / / TLs for m-type and T-type circuit of pads. It can be
ZiruT = [211 212] = [ZlJCZZ %2 ,} (6) observed thatQ, a, and 8 characteristics of TLs are
21 222 L Lt same with each other for the two cases, but the difference
2 [Zu+Ziz 271 7 (2212 2715 betvyeen the two cases on characteri;tig: impedance is
LpadT = { 27.5 2212} RpadT = {2212 Zi1+ le} getting larger after 20 GHz. However, it is well-known
from the theory that the characteristic impedance of TL
TLs is expressed as follows in terms of F-parameteishould be constant when the frequency is high, and this
(ABCD-parameter); relation is given by the following equation;

cos/t  Zpsinyl X
Fro= [1 - } (7) _ [RAjoLl /L
zsinyl  cosyl Zy= Grjac E(wL >R wC > G) (12)

When double-T-type pad model is de-embedded byrthe

T L th ) | e reason of this difference can pe understo_od by observ-
type and T-type pad model, the de-embedded results can %1% Fig. 5, which shows the capacitance and inductance of

expressed as following equation in terms of F-parameter. L : .
P ged P 11- and T-type circuit of pads, accordingly. The characteris-
Frin = F[plaan LpadF TL FRpadF ,;éadn (8) tic impedance behavior and capacitance of the pad models
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Fig. 5. Comparison of pad models.

_ cost zo(éJrl)zsinyE have a direct relation. Thgr—rno_del over estimates the
_ 1 . 2 capacitance and characteristic impedance gets smaller as
@ siny¢ coyt the frequency increases. The counterpart of this comment
-, 1 can be said for T-type-model. Moreover, the capacitance
Frir = FLpacLTFLpadFTLFRpaJ: RpadT (10)  of the pad resulted between top-metal and ground can be
_ cosyt @Zfl)zsmyg assumed constant.
T & “ (11) I1l. PROPOSEDPAD MODEL
2z siny? cos/

As discussed in the previous sectiartype or T-type
Here,F rpadr T are the left or right pad model af or T p:’:ld/models are expressed by two paramet&‘f&(z/( or
-model.F_ rpagare the left and right pad model of double- Z;,Z,) due to limitations of the calculation of L-2L method.
T-model shown in Fig. 2. However, three parameters should be needed to realize the



reciprocal passive components modeling. As mentioned,
because only two parameters can be obtained from the L-
2L calculation, it is necessary to put some assumption.
Here, following equation is assumed:

Zz3=kx27Z; (OSKS 1)

IN

(13)

From this assumptionZ; and Z, can be expressed as
follow by using conventional T-type results.
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Then, ‘K’ is adjusted such that the capacitor remains -4530

relatively constant up to 110 GHz. This timle,is found
to be 0.4. Better to note that this value might change
with different processes and different structures of pads
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and TLs. Fig. 5 shows the capacitance and the inductance Fig- 7. The comparison of modeled and measured amplifier.
values of the calculated proposed pad model in comparisomm-wave range. Hence, a three element -just reciprocal-
with 7-, and T-type. In the inductance of proposed padpad model is proposed along with its calculation method.
mode, onlyZ; is included, that o3 is not included. One  The characteristic impedance of the de-embedded TLs with
can observe that the capacitance of the proposed pad mod@ke proposed method remains constant in high frequen-
remains almost constant up to 110 GHz. Moreover, Fig. &ies as the theory states. Furthermore, with the new de-
providesZo, Q, a andf of characteristics of de-embedded embedding method, several devices are characterized and
TL by the proposed pad model. Compared to the resultgs validity is evaluated with the measurement results of a
in Fig. 4, Q, a and B are same and the characteristic 1-stage amplifier. The comparison in amplifier character-

impedance become constant in the high frequency regimestics demonstrates accuracy of the proposed method.

One can conclude that the proposed de-embedding is more
accurate than the conventional methods.
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To evaluate the accuracy of de-embedding, a 1-Cadence Design Systems, Inc., Mentor Graphics, Inc., and
stage amplifier is designed, manufactured and measuredgilent Technologies Japan, Ltd.

Fig. 6(a) provides the schematic of the amplifier and
Fig. 6(b) shows the micro-graph of amplifier. This am-
plifier is constructed with TLs, bend lines, transistor (gate
length of 60 nm and gate width of .2n by 20fingers),
MOM-capacitor (150 fF), and decoupling transmission line
(Metal-Insulator-Metal Transmission Line (MIM TL)).
These components are characterized after de-embedding of
proposed pad model. The comparison of the measureme
and modeled results &1, S;; and Sy, is given in Fig. 7.
S1 and$Sy; of the simulation results have good agreement4]
with the measurement result. Howevgs, of the simula-

tion result is a bit different from the measurement result,
which is caused by MIM TL modeling error. Because of [5]
the low impedance of MIM TL (2 ~ 3Q), it is difficult
to obtain accurate measurement results in & 5§stem.

(1]

[6]
V. CONCLUSION

Accuracy of conventional de-embedding methods ard”]
discussed, and it is concluded that symmetrical and re-
ciprocal pad characteristics are not accurate enough in the
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