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This letter deals with the de-embedding of on-wafer CMOS FETs embedded in symmetrical and reciprocals pads. A de-embedding method,
that uses a calibrated vector network analyzer and two microstrip lines fabricated on a lossSi Si®strate, is introduced. The proposed

method not only allows the characterization on the interconnection lines but also allows the characterization of the CMOS pads. Our results
demonstrate that a shunt admittance does not suffice to properly model CMOS pads. Experimental S-parameters data of on-wafer CMOS
FETs de-embedded with the proposed L-L method, Mangan and the Pad-Open-Short De-embedded (PSOD) methods are compared. The
S-parameter data, de-embedded with the PSOD and the proposed two-tier L-L show high correlation, validating the proposed de-embedding
method.

Keywords: Electrical measurement; microwave circuits; field effect devices; high speed techniques.

En este trabajo se presenta uatodo para desincrustar transistores CMOS de efecto de campo embehidalssmétricos y regprocos.

El método de desincrustagi propuesto utiliza como éstdares de calibramn dos Ineas de microcinta, fabricadas sobre un substrato de Si
con perdidas. El mtodo propuesto no solo permite la caracterizade lasineas de interconesmn sino tamk&n de logpadsCMOS. Los
resultados experimentales demuestran que una simple admitancia no es la manera apropiada para npadel@MesS. Se comparan
datos experimentales de paretros S de transistores de efecto de campo CMOS en oblea desincrustadosatod@pmopuesto L-L, el de
Mangan y el Pad-Open-Short De-embededded (PSOD). Los datos dedosgpas S desincrustados con lostados PSOD y el propuesto
muestran una alta correlédi, validando el ratodo de desincrustari que se reporta en este trabajo.

Descriptores: Mediciones éictricas; circuitos de microondas; dispositivos de efecto de caiguch de alta velocidad.

PACS: 84.37.+q; 84.40.Dc; 85.30Tv; 06.60.Jn

1. Introduction nectors. However the theory requires that the connectors have
to be symmetrical and reciprocal and these hypotheses are

When CMOS FETs are embedded in lines and pads, a déot completely fulfilled in the coaxial connector case. Nev-
embedding method is required in order to determine thé&rtheless, for on-wafer devices as those shown in Fig.1, these
CMOS FET S-parameters. Several and different methogsonditions can easily be fulfilled. Thus the purpose in this
have been proposed to de-embed the on-wafer CMOS FEWOrk is twofold. Demonstrate the advantage of the two lines
S-parameters [1-7]. These methods represent the pads aftgthod [10-12] to de-embed on-wafer CMOS FET embed-
interconnection lines as admittances and impedances, r8€d in both pads and lines, and to present a new procedure
spectively, and use dummies structures (pad, open, shoff model accurately the CMOS pads by means of an elec-
etc.) measurements for de-embedding the CMOS FET gTical equivalent circuit (EEC). The knowledge of a CMOS
parameters. An important drawback is that open or shorPad electrical equivalent circuit is crucial in the design of
conditions in the dummy structures are difficult to achieveRFIC, nonetheless this information is not available in the de-
in a broadband frequency range. Moreover, in the calibraSign rules in spite of being of great help to develop better
tion process of the VNA, identical calibration structures (pad,designs.
open, short) in ports one and two are re_qu_ired, otherwise the Regarding to modeling of the CMOS pads with ground-
de-_embedded S-parameters procedu_re is mcorre_ct. Therefogﬁieming, [8] and [13] suggested the utilization of a simple
a simplest but accurately de-embedding method is sought. ghynt admittance to represent the electrical behavior of pads.
A common procedure to determine the S-parameters ofhe shunt admittance is usually represented by a shunt capac-
the on-wafer CMOS FET is by characterizing the CMOSitance. Moreover in Ref. 14 the authors suggest adding a se-
pads and the interconnection lines using the two-linegies resistance to the shunt capacitance model for improving
method [8] instead of dummy structures [9]. In that senseits frequency response. In Ref. 9, on the other hand, series in-
a de-embedding technique reported in Refs. 10 to 11 usetuctances are added to form a T-network to model the CMOS
two uniform transmission lines to characterize coaxial conpads. These inductances allow modeling the discontinuity of
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the probe to the pad and from the pad to the interconnedhe same problem with OPEN or SHORT condition over
tion line. Even though the electrical equivalent circuit (EEC)broadband frequency ranges. Modeling the interconnection
of the pad proposed in Ref. 9 seems to be quite good, thas a transmission line overcomes such problems.
drawback is the lack of a reliable procedure to determine the Transmission lines can be fabricated on S8 substrate
values of these inductors since they are determined usingas explained in Refs. 14 to 16, due to the characteristics of
trial and error procedure. To overcome this problem, the prothis substrate and the geometry of the interconnection (
posed method, which is based on [10-12], uses an analytichleight of the substrate and line width) higher-order modes
method to obtain the EEC of the CMOS pads. The methodippear at very high frequencies. It is worth to comment that
assumes that the pads are symmetrical and reciprocal, and tiyese higher-order modes are function of the frequency and
using ABCD matrices, it is possible to compute the elementshe transversal dimensions of the interconnection but not of
of the EEC. the line length as explained in Ref. 16.

To verify whether a simple shunt admittance should be  The ABCD matrix of any DUT embedded in a structure
used as an EEC of the CMOS pad, de-embedded S-parametgs shown in Fig. 1, according to [10-11] is given by:
data of an on-wafer CMOS FET computed with [8] and [12]
were used to reproduce the original measurement of the [Mgy,:] = [Mp] ' [Mpp] ' [M][Mrp) (ML), (1)
CMOS FET from 0.4 to 20 GHz. Our results demonstrate that
a shunt admittance does not suffice to accurately represent tiéhere [M/] represents measured datdy/{p] and [Mprp]
frequency response of CMOS pads. Moreover, due that theepresent the left and right pad, respectively, and the line
proposed CMOS pad-model predicts the measurement datssed to interconnect the pads with the transistor is referred
accurately, it is very useful to de-embed the S-parameterto as [M].
of CMOS FET embedded in both pads and interconnection On one hand, when the pads are assumed identical, sym-

lines. metrical, and reciprocal, its ABCD matrix can be written as:
2. De-embedded Procedure [MLp] = [Mrp) = [Mpad] { Z; Z;Z } . )

Figure 1 shows the structure of the CMOS FET used in thi?/vhere a11, a1s, and ay are the elements of the matrix

r[Mpad] to be determined. On the other hand, the ABCD

nections lines with a physical length of z#h. The pads con- matrix of the interconnection lines can be written as:

sist of two metallization layers (M2 and M3) and the ground

paths are tied to a single node by a N-WELL layer allowing cosh(yL)  Zgsinh(yL)
an isolation of the signal to the substrate. [Mr] = . (3)
When the electrical length of the line is small compared Zio sinh(yL)  cosh(vyL)

to the signal wavelength, one can assume that the intercon-

nection line can be modeled as a lumped circuit. Thus awhere L, Z, and v are the length, the characteristic
first sight the simplest solution is to consider the pad and thémpedance, and the propagation constant of the line, respec-
interconnection line as a lumped passive sub-circuit. Nevertively. Notice that M pyr] can be determined as long as
theless, making this assumption leads to an extraction prodp.a] and [My] are known. When the interconnection
lem of the lumped elements that properly model the effectdines are nonreflecting, the most common method for deter-
of the interconnection line, since it is expected a phase difmining [M,,.4] is using the TRL calibration technique, which
ference between the input and the output. De-embeding théses three calibration standards. Moreover, when one is try-
S-parameters of the CMOS FET embedded in pads and intetag to characterize CMOS FETs embedded in pads and inter-
connection lines under the condition mentioned above, wilconnection lines of arbitrary characteristic impedance, as that
require to use calibration techniques that employ reflect starhown in Fig.1, only two calibration elements are required to
dards (OPEN or SHORT) as TRL. This gives rise to the probdetermine ),,.4] and [M] [10-11].

lem of guaranteeing an OPEN or SHORT condition in all  Hence, according to the procedure reported in Ref. 10
the frequency range of interest, since this condition is veryo 11,a11, a12, az1, Zy and~y are determined by means of
difficult to achieve over a broadband range. Moreover, dethe ABCD matrix of the two microstrip lines fabricated on Si
embedding techniques that use dummy structures [1-5] haveubstrate. Thus, with the help of matrices algebra, it can be
|  obtained the following relations:

( nip Ni2 ) ( ai; ai2 ) -t < a1l Qai12 ) COS h(’}/Ll) ZO sin h(")/Ll)
= ’ (4)
ne1  N22 a21 a1 G21  a11 Z%) sinh(yL1)  cosh(yL1)
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( n11 — cos h(yLy) ni2 )

n21 n11 — cosh(yL1)
(nlg)% + (Z% sinh('yLl)) o (n11 + cosh(le))Z—ﬁ + (sinh(vL1))Zo
= ; (4a)
(n11 + cosh(’yLl))Z—ﬁ + (sinh(’yLl))ZiO (77,21)% + (Zysin h(’yLl))Z—‘ﬁ
( P11 P12 ) < ail  G12 >_1 ( air a2 ) cosh(yLs)  Zosinh(yLs)
= ; ©)
D21 P22 a1 011 a1 011 Z%] sinh(yLa)  cosh(yLa)
P11 — COS h(’7L2) &
P21 p11 — cos h(yL2)
(pr2) 22 + (& sinh(yL2)) 22 (pu1 + cos hlyL2)) 22 + (sin h(vL1)) Zo
— : (5a)
(p11 +cosh(yL2)) e + (sinh(vL2)) (p21) 512 + (Zosin h(vLy)) 2t

wheren,; ; andp; ; are the elements of the ABCD matrix relating to the measured line 1 and 2, respectively.
The underline terms in (4.a) and (5.a) are common terms that generate two simultaneous equations allowing computation
of Zy and the ratio®;»/a1; andasi/ay; as:

Zo = p12(cos h(yL1) +mi1) — mia(cos h(yLa) 4 p11) ©
(my1 + cosh(yLy))sin h(yLa) — (p11 + cos h(yLs))sin h(yLy)’
12 _ nigsin h(yLa) — pra2sinh(yL1) -

ai (m11 -+ cos h(’yLl)) sin h(’yLz) — (p11 + cos h(’}/Lz)) sin h(’yLl) ’

an _ no1 (sin h(yLa)) — po1 sin h(yLq) ®)
a;1  (mag +cosh(yLy))sinh(yLg) — (p11 + cosh(yLs))sinh(yLq)

Notice that (6)-(8) depends on however, in Ref. 17 was reported a procedure to determine it, based on the measurement
of two lines and using wave cascade formalism. Moreawgris determined by taking into account symmetrical and reciprocal
properties, in which the determinant dff[>,4] has to be equal to 1, this fact allows the computation,gfas follows

g2 - M + (cos h(yLq))sin h(yLa) — (p11 + cos h(yL2)) sin h(yL1)

= 2sin h(y(L1 — L2)) ©)

Note that the analytical expression for calculatifig,
a12, a1 anday; depends ony and the physical lengths of Iquency of operation (20 GHz), the maximum dimension of
L, and L,. The propagation constant is determined usingthe pad is smaller thak/20 and therefore it can be considered
the two lines method reported in Ref. 17. The knowledge ofas lumped element. The critical point here is to guarantee a
Zo, a11, a12, andasy; allows the calculation of}/p,.q] and  good contact of the probe tips to the pads.

[M.]. Several measurements at different landing positions  Another advantage that the L-L method offers, is that al-
of the probe tips showed repeatability in the S-parameterfows the accurately determination of an electrical equivalent
measurements of the lines as well as the computatidfypf circuit (EEC) of the CMOS pads. The CMOS pads used in
ai2, az; andaqy and~. Errors could arise when the posi- this work were optimized to achieve higher operation fre-
tion of the probe tips change, but this is expected at very higlyuencies because the available fabrication process only uses
frequencies¥ 110 GHz) when the maximum dimension of three metallization layers. The cross section view of the pad
the pad is larger thai/20. In our case at the maximum fre- is shown in Fig. 2a. The EEC can be obtained by trans-
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forming the ABCD matrix of the pad {{/p,q]) into its Z-
parameters matrix. Then using a T-network, as shown in
Fig. 2b, along with the Z-parameters representation, the value
of the element of the EEC can be computed directly.

The proposed method differs completely from [18] in two
issues, which are the circuit for modeling the pads and the
procedure to determine the line impedance. In Ref. 18 the SUBSTRATE
EEC of the pad is modeled with shunt admittantg )(ap-
proach and it is determined from the measured Y-parameters (a)
of two uniform transmission lines, without the knowledge of
~ andZ,. Since transmission lines are symmetric, swapping Ry <1040 Rp= 1040
property can be applied, this means that swapping the ports AAAL S RRR
1 and 2 yields to the same matrix. Then according to the Ly =3.08 pH Lp =3.08 pH
procedure described in Ref. 18; can be computed as:

M3

-~ M2
- M1

<«+—P-Select
~<+— Active
+—N-Well

8iO,

Ry = Re(Z{1Z;5) § Rg=11.86Q
Ry = Re(ZppZyo)

Yr 0 o Yir — Swap(YLT) (10)
0 -V B 2 Rg = Re(Z;5) Ly=Im(Z44-Z40)/®
C=86.22fF | L2=Im(222-21 2)/u)
whereYy,r is the Y-parameters matrix of a line with length C = -1/w*Im(Zy))
Ly — Ly, which is computed from the measurements of the e
line two, with line one in terms of ABCD matrix parameters. =
(b)

3. EXpenmental Results FIGURE 2. Pad structure used in this work: a) Cross section view

. L of the structure used for the fabrication of the CMOS pads; b) Pro-
Using a standard CMOS Qu5 fabrication process several posed electrical equivalent circuit.

transmission lines of different lengths, dummy structures
(open, short, pads) and CMOS FETs embedded in pad struc-
ture as showed in Fig. 1, were fabricated in a die area of
16 mn?. Moreover, the PNA-X (N5242A) was calibrated
with the SOLT technique using the CS-5 calibration standard. ~=
All the measurements were taken at the center of the pads. N, *7
By using the measurements of two uniform lines of dif- Q“é
ferent length but equal arbitrary characteristic impedance, 25
the propagation constantand the characteristic impedance 20
(Zy) were computed according to [19]. Notice that at this 15
point, the pads are considerbthck boxes Now applying
(7)-(9), the elements of the ABCD matrix a,,.q] are de- o 2 4 & 8 10 12 1 18 18 20
termined. Then the EEC of the pad can be determined con- freq, GHz

vgrtlng [Myad] into Z-parameters and by using a T-networ!<. FIGURE 3. Characteristic impedance of a line computed by using
Figure 2 shows the values of the element of the EEC. Noticgyo | .| and the Mangan method.

This work
PP | R . Mangan et al.

that the EEC of the pad is completely different to the one used
in Ref. 8. In addition, it was demonstrated that, for the tech-
nology used in this work, the representation of the pads by a
symmetrical and reciprocal ABCD matrix along with the use
of two uniform lines allowed us the determination of a more
accurate EEC model of the CMOS pads, since the resistances
Ry, Ry and R3 shown in Fig. 2 cannot be determined with
the procedure described in Ref. 8.

To show the inaccuracy of a simple shunt admittance to
model the CMOS pads, Fig. 3 shows thgof the line, com-
puted with [8] and with the proposed EEC of the CMOS pads.
Notice that when [8] is used, the real part4f shows dis-
persion at frequencies above 2 GHz while the real pa#yof
determined with the proposed de-embedded method shows
FIGURE 1. Structure of the on-wafer CMOS FET. a more constant behavior. This fact can be attributed to the
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method reported in Ref. 8 and [18]. The results show a sig-
Frequency (GHz) nificant difference in the, term and also in the real part of
as1, that indicates a negative conductance.
(C) Now to verify whether a shunt admittance approach can

be used as an EEC of the CMOS pad, de-embedded S-
FIGURE 4. Real and imaginary parts of [M.q]: @) real and imag- parameters dat_a_of an open dummy st_ructure was used to re-
inary parts of a;; b) real and imaginary parts of g c) real and  Produce the original measurement, this means an open em-
imaginary parts of a. bedded in interconnection lines and pads.

Figure 5a shows the de-embedded S-parameters using [8]
model of the pads, and is verified in Fig. 4, in which the realand the proposed pad model. Note that the de-embesided
and imaginary part of{/p.4] are compared with the ABCD using [8] differs completely from an open circuit behavior.
matrix of a simple shunt admittance, computed with the Figure 5b compares the measured open dummy structure with
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ple shunt admittance approach does not suffice to accurately
model the CMOS pads.

Figure 6 shows the de-embedding result of a CMOS
FET embedded in two lines of pn and pads. The de-
embedding was performed using the PSOD method, the Man-
gan method [8] and the proposed EEC of the pad. This result
demonstrates that the PSOD converge with the method using
the EEC of the pad. However, there is a little discrepancy
between the PSOD and the proposed EEC, but this fact is
attributed to the quality of the standards used in the PSOD,
since high reflecting coefficient standards (open or short) is
very difficult to achieved in a broadband frequency range (see
Fig. 5b).

O Mangan et al.

O POSD
— This work

4. Conclusion

A fast and simple de-embedding method suitable for on wafer
CMOS FETs has been presented. The method uses two uni-
form lines of different lengths but with the same character-
istic impedance. Moreover, the method offers the possibil-
FIGURE 6. CMOS FET de-embedded atg¢ = 2.8 V and ity of accurately determine the CMOS pads parameters used
Vps = 4.8 V using [4], PSOD and the proposed method. to model them by means of an electrical equivalent circuit
(EEC). Thus, our results demonstrate that a simple shunt ad-

simulated data (EEC of the pad with the de-embedded opefittance approach cannot be used to accurately model the

dummy structure). This result shows a high correlation be CMOS pads. Despite its simplicity, the results from the pro-

tween the measured and the simulation data. posed de-embedding method agree with the most popular de-
To perform the de-embedding of the open structure, th&mbedding technique (PSOD). The proposed method reduces

pads were represented as ABCD matrices; this means thite cost of fabrication since dummies structures are no longer

in the case of [8] the real part of the shunt admittance wa$§i€cessary.

considered negative as shown in Fig. 4c. Moreover, the re-

spective characteristic impedances andf the lines were  Acknowledgements
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