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ABSTRACT  —  This paper presents the evaluation of a pad 
model which is made by using L-2L de-embedding method. 
The coplanar waveguide transmission line (CPWTL) is used 
to evaluate the de-embedding method. The pad circuit model 
is set up after obtaining the results of de-embedding. Two 
comparisons are carried out to accomplish the evaluation of 
the pad circuit model. The calculation error in quality factor 
of transmission line is less than 6% in experimental result. 
Employing the model to de-embed other DUTs, the process 
becomes simple and chip area can be saved. 

Index Terms —de-embedding, millimeter wave, transmission 
line, L-2L 

I. INTRODUCTION 

Recently, many studies on millimeter-wave (MMW) 
CMOS circuit designs have been reported [1-2]. Due to the 
low fabrication cost and suitability for mass production, 
CMOS process is widely employed. Since the models pro-
vided by foundries are not accurate any more at MMW fre-
quency, device modeling becomes very important. Test Ele-
mentary Group (TEG) of passive and active devices includ-
ing text fixture such as pads and interconnects for measure-
ment have been implemented before circuit design. In order 
to obtain the characteristic of the device under test (DUT), a 
proper de-embedding method is required to eliminate the 
parasitics. One commonly-used de-embedding method is 
open-short method proposed in [3]. However, it is difficult to 
realize ideal open, short or other patterns as the frequency is 
increased. Another way is to use through only pattern to cal-
culate the pad parasitics [4]. It is a good method to save chip 
area. Nevertheless, it models the pad by using lumped com-
ponent, the length of the through-line is required to be very 
short to match with the π-type lumped model. As the length 
of the through-line become longer the error becomes remark-
able to treat it as a lumped model. Furthermore, when the 
through-line is shorted, the isolation between probes becomes 
very difficult due to the coupling of the probe at high fre-
quency (MMW). In order to solve the problem, the L-2L de-
embedding method is used to get the models of the pads [5]. 
As the proposed circuit models of the test fixture, the paras-
tics can be subtracted from the measurement results easily, 
also can save the chip area. As is known, measurement re-
sults have error, which is caused by probing position in 
MMW frequency. As shown in Fig. 1, the pad has some area, 

and probing position is uncertain. Thus, the models created 
by using measurement results containing the error are not 
accurate. 

In this paper, the pad model is made by using the L-2L 
method and the evaluation of the modeling error is investi-
gated. Section II described the evaluation standard using 
transmission line. The common de-embedding methods for 
MMW are introduced in section III. The process of L-2L de-
embedding methods and how to derive the models are de-
scribed Section IV. The results of the de-embedding using 
the model are also shown. The conclusion is given in the final 
section. 

II. EVALUATION USING TRANSMISSION LINE 

According to transmission line theory [6], voltages and 
currents can vary in magnitude and phase over the line length. 
It has some characteristics which do not change as the length 
changed. In this paper, the transmission line is chosen to 
evaluate the de-embedding method. Fig.2 shows the lumped-
element equivalent circuit of a segment of a transmission line. 

The general expression for the complex propagation con-
stant is 

( ) ( )R j L G j C jγ ω ω α β= + × + = +                        (1) 
And as frequency increased, R Lω and G Cω , the at-
tenuation constant α and the phase constant  β can be ex-
pressed as  
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The characteristic impedance Z0 can be expressed as  
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And the quality factor is shown as  
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As shown in (1) ~ (5), the attenuation constant, the 
phase constant, the characteristic impedance and the quality 
factor are not raised with the length. In this paper, the copla-
nar waveguide transmission line (CPWTL) is used. Fig. 3 
shows the structure of the CPWTL. 
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Fig.1. Chip photo of pad. 
 

 
Fig.2. Lumped-element equivalent circuit of a segment of a 
transmission line. 
 

 
 

Fig.3. Structure of the coplanar waveguide transmission line. 
 
 

 
             (a)                               (b)                             (c) 
 
Fig.4. Equivalent circuit diagram used in open-short de-
embedding. 
 

 
 
Fig.5. Through-only de-embedding method and its equivalent 
circuit. 

III. THE COMMON DE-EMBEDDING METHODS FOR MMW 

Open-short de-embedding method [3] 
The equivalent circuit diagram is modeled as shown in Fig. 

4(a). The DUT is surrounded by the parallel parasitics Yp1, 
Yp2, Yp3 and the series parasitics Zs1, Zs2 and Zs3. An open 
pattern and a short pattern are fabricated on the same wafer 
with the DUT as shown in Fig.4(b) and Fig.4(c). The series 
impedances can be easily derived from the short measure-
ment by assuming a T-network model with impedances Zs1, 
Zs2 and Zs3, as shown in Fig. 4(c). The short pattern Y-
parameters are first calculated to obtain parallel parasitics 

from the open-pattern measurement and transformed to Z-
parameters. 
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Similarly, the Y-parameters of the DUT with the imped-

ances Zs1, Zs2 and Zs3 can be obtained by subtracting the Y 
parameters of the open pattern from that of the DUT meas-
urement. Finally, the actual Z-parameters of the DUT can be 
obtained from: 

1 1( ) ( )DUT meas open short openZ Y Y Y Y− −= − − −                      (7) 
where Ymeas is the measured Y-parameters of the DUT with 
parasitics. 
       In this method, two or more patterns are required for 
each DUT with different size and topology, which consumes 
large chip area. In addition, it is difficult to realize the ideal 
open and short patterns as the frequency increased. 
 
Thru-only de-embedding method [4] 

In this method, the series and shunt impedances are con-
sidered. As shown in Fig.5, the thru is approximately de-
scribed as aπ-type equivalent circuit. Y-parameter matrix of 
the thru is  
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The thru line is property symmetrical, so the left pad and 
the right pad are  
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Then the Y-parameter is transformed to T-parameter. 
Thus, the device-under-test (DUT) can be de-embedded as  

 
1 1( ) ( )

1 1( ) ( ) ( )( )

left rightT T T TDUT pad meas pad
left left right rightT T T T Tpad pad DUT pad pad

− −=

− −=
        (11) 

IV L-2L DE-EMBEDDING METHOD AND THE MODE 
EVALUATION 

As introduced in section II, transmission line is used to 
evaluate the de-embedding methods. The ground-signal-
ground (GSG) pad is used. The impedance can be summa-
rized as the shunt conductance and the series impedance. The 
equivalent circuit model is shown in Fig.6. The structure can 
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be treated as a five parts cascade connection. The shunt con-
ductance is Yp =G+2jπωC and the series impedance is 
Zs=R+2jπωL. The transmission matrix of the test structure 
can be represented as the following product: 

 
left right

mi pad li padT T T T=                                (12) 
left
pad p sT T T=                                  (13)  
right
pad s pT T T=                                    (14) 

 
where  Tp  and Ts is the T-parameter transformed from Yp and 
Zs. 

In L-2L de-embedding method, two transmission lines are 
employed, the length of one is twice longer than the other. 
The de-embedding process is shown in Fig.7. 

 
1
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By transforming T-parameter of thru to Y-parameter, YL 

and Zs can be expressed as: 
 

(1,1) (1,2)L thru thruY Y Y= +                               (16) 
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As the shunt conductance and the series impedance are ob-

tained, the model of the pad can be made.  
For L-2L de-embedding method, a 200µm CPWTL and 

400µm CPWTL (Fig.8) are employed to derive pad model. 
Fig.9. shows de-embedding results of the two transmission 
lines. From the graphs, the characteristic impedances, the 
attenuation constants, the phase constants and the quality 
factors of the 200µm and 400µm CPWTL are matched very 
well. 

Using calculated results, the parameters of pad which is 
shown in Fig.10 are obtained. Thus, the T-parameter of DUT 
can be calculated as: 

 
       1 1

mod mod( ) ( )left right
DUT measT T T T− −=                         (18) 
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Fig.6. Equivalent circuit model of pad. 
                                                

    
 
Fig.7. Process of L-2L de-embedding method. 

 
 

 
 
 

 
Fig.8. 200µm and 400µm CPWTL. 
 

 
 

          
 
 
 
 
 
 
 
 
 
 
 
 
 

   
 

Fig.9. Measurement results of CPWTL using L-2L de-
embedding method. (a) Characteristic Impedance. (b) At-
tenuation Constant. (c) Phase Constant. (d) Quality Factor. 
 

 
 
 

 
 
 
 

Fig.10. Model of pad. 
 

 
Fig.11. Impedance and conductance.  

（a） （b）

（c） （d）
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(a) Case I                                 (b)  Case II 

 
Fig.12. Pad models containing errors. 
 

 
As mentioned previously, measurement error causes mod-

eling error. Even if the same model is used, the de-embedded 
results may be inaccuracy when the probe is contacted at dif-
ferent locations on the pad due to the difference of the series 
impedance. In order to evaluate the modeling error, the influ-
ence of probed position is investigated by using the meas-
urement results using different probing position as shown in 
Fig.1.  The series impedance and the shunt conductance are 
calculated by using L-2L method. As the results shown in 
Fig.11, the series reactance changes a lot while the series 
resistance and shunt conductance varies little. For the evalua-
tion, an artificial parasitic impedance is assumed as shown in 
Fig.12, which is defined by using the following equation. 

 
22 2 11( 4 10 4 10 0.0359)Zs f f j− −∆ = − × + × +                     (19) 

 
In order to estimate the modeling error, the model shown 

in Fig.12 is assumed. Fig.12(a) contains error at one side, and 
Fig.12(b) contains error at both sides, which is simulated by 
using additional series impedance △Zs. The 200µm and 
400µm CPWTLs are used in the structure. Case I assumes 
that: △Zs1=0, △Zs2=△Zs, and case II assumes that: △
Zs1= △Zs2=△Zs. The results of case I and II are shown in 
Fig.13 and the Fig.14, respectively. 

From these two comparisons, the de-embedding error can 
be estimated. The case I has errors in the characteristic im-
pedance and quality factor about 1% and 2% at 60GHz, while 
the case II has errors about 2% and 6% at 60GHz. In both 
cases, attenuation and phase constants are matched very well. 

V. CONCLUSION 

In this paper, the de-embedding accuracy of L-2L method 
is evaluated to consider difference in pad probing position. 
By using 200µm and 400µm CPW transmission lines, the 
evaluation is accomplished. In two cases, the error in quality 
factor of transmission line is less than 6%. Thus, the model of 
pad can be used in any other DUTs which use the same pad. 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.13. Parameters of 200µm CPWTL in case I. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.14. Parameters of 200µm CPWTL in case II. 
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