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Abstract—In this paper, a fully distributed model for a single pole single throw traveling wave switch is introduced
and important parameters of the switch such as insertion loss, isolation, and reflection coefficient are presented based
on the lossy transmission line model of switch. The results of fully distributed model are compared with the semi-
distributed model’s results and have good agreement with them. By applying the fully distributed model and
calculating various switch’s parameters as a function of the switch length and operating frequency, the optimum
switch length and operating frequency are obtained versus the parameters of switch, especially the reflection
coefficient and isolation in OFF and ON conditions.

Keywords-Distributed structure, single pole single throw (SPST) switch, traveling wave switch (TWSW), lossy
transmission line model, semi-distributed model.

In communication and radar systems, switches
play a fundamental role to control the flow of RF
signal in transmitters and receivers. In the above-
mentioned applications, broadband switches with high
power transfer capability and high switching speed,
have a serious duty in realization of low-cost
communication systems.

1. INTRODUCTION

Nowadays, the demand for millimeter wave
applications such as high-speed wireless LAN
systems, radar systems is growing rapidly and also
there is a huge demand for microwave circuits to
operate at higher and higher frequency to achieve
larger bandwidth. On the other hand, there has been an
enlarged demand for microwave integrated circuit
application at higher frequencies caused by low
fabrication cost and better operation at further
frequencies.

Given the wide range of applications involving
millimeter wave circuits in high speed communication
and the important role played by distributed switches
in communication systems, there has been a huge
amount of research carried out on various microwave
switches to improve switch performance. Toward this
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end, there has been some research to improve
parameters such as insertion loss and isolation. In
multiple millimeter wave applications, various switch
structures are reported in the literatures [1]-[6].

In [1], performance of a single pole single throw
traveling wave switch is analyzed with a lossy
transmission line model. A single pole double throw
traveling wave switch using fully distributed FET has
been developed and discussed in [2]. [3] indicates a
switch structure, which has a shunt structure in
connection with a quarter wavelength transformer. The
switches designed with this type of structure have an
insertion loss less than 1.5 dB and isolation greater
than 25 dB in the frequency range from 59 GHz to 61
GHz. Another structure involves a series FET in
parallel with an inductor. Such a switch has an
insertion loss of 1.6 dB and an isolation of 20 dB at 94
GHz [4]. The parallet LC resonance structure, a
capacitive stub and an inductor line, is another
microwave switch structure. A switch made in this
structure has an insertion loss of 3.9 dB and an
isolation of 41 dB at 60 GHz [5]. Yet another switch
circuit has the series-shunt structure using the ohmic
electrode sharing technology (OEST). Such a switch
has an isolation of more than 20.6 dB and an insertion
loss of less than 1.64 dB; these structures have been
presented and discussed in [6].

In this paper, first a fully distributed model of a
single pole single throw traveling wave switch is
introduced. The results of fully distributed model are
compared with the sliced model’s results. These
results have a good agreement with each other. By
adjusting the length of the switch, the optimum length
to gain proper insertion loss, isolation, reflection
coefficient and wide bandwidth is presented and
discussed.

JI. CIRCUIT STRUCTURE

The schematic of a Single Pole Single Throw
(SPST) Traveling Wave Switch (TWSW) is shown in
Fig. 1. The gate voltage (Vg) controls the transfer of
signal through the drain transmission line. In
distributed switches, the switch’s length is comparable
to the wavelength of the maximum frequency of the
circuit, so the wave transmission in this structure
cannot be ignored. Therefore, lump modeling cannot
analyze distributed structures. Instead, distributed
modeling should be applied for the analysis of these
elements.

Fig. 1. Schematic of Single Pole Single Throw (SPST) Traveling
Wave Switch (TWSW).

In semi-distributed modeling, the device is divided
into N slices, which lump modeling is reliable for each
segment. If the number of slices approaches infinity,
then the semi-distributed analysis changes to fully-

distributed modeling. The equivalent slice model of
TWSW is shown in Fig. 2.
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III. LosSY TRANSMISSION LINE MODEL

In distributed model of switch, by using the small-
signal equivalent circuit as seen from drain terminal
based on the FET model and the transmission line
model of drain terminal, based on the control voltage
(Vg) applied to gate, the lossy transmission line model
of switch is resulted (Fig. 3).
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Fig. 3. The lossy transmission line model of TWSW.

Parameters of the transmission line model are
combination of the equivalent admittance of the FET
which is seen from Drain terminal and Drain TL
parameters. The primary parameters of TL model are
expressed as:

R = RTI,
L=Lgy
1€ =Cr +Cppr W)
G=GprWVy)
The secondary parameters of the transmission line,

ie., v and Z, are calculated based on the primary
parameters and are represented as [2]:

y=a+jB=JR+joL)G +jaC) )

7z - |Rijol 3)
G+joC
Therefore, according to the controlling voltage

(Vg), the secondary parameters of the switch are
derived as:

y=a+jp @)

= JRyp +j oLy YGrgr O g)+jo(Cry +Crpr ¥ ))

= = 5
GFET (I”'g }+[ (IJ{CYTL +C‘m [Vg )'.l ( )

7 \/ Ry +joly

In these equations, Ry, Lt and Cry, are the series
resistance and inductance and shunt capacitance of the
drain transmission line per unit length, Crer and Grer
are the shunt capacitance and conductance of the
equivalent admittance of FET seems from Drain per
unit length respectively. The values of Cggr and Gegr
are dependent on status of the switch and controlling
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voltage. The series resistance Ryy is caused by the skin
effect and is proportional to the square of frequency.
R can be expressed as [1]:

Ry = 2f (6)
The lossy transmission line model of the switch
can be represented as a two port network (Fig.4).
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Fig. 4. Consider TWSW as a two port network.

The transmission matrix (ABCD Matrix) of switch
is shown as:

coshyf

4 B Z sinhy/
C D 7 sinhyf coshyf

)

Using the ABCD Matrix and the convergence of
ABCD to scattering matrix, the S-parameters of the
switch are derived as [2]:

(z2-2y?)sinhy!

S11 = ®)

227, coshyl +(Z 2 +Z%)sinh 1

277,
27Z g coshyl+(Z 2 +Zy>)sinh y¢

821 = ©)

As the values of C and G change in the ON and
OFF states, the secondary parameters Y and Z change;
thus the scattering parameters are dependent on the
status of switch. The FET parameters, i.e. Cpgr and
Gggr are determined based on the Curtice 2 equivalent
model of FET. The nonlinear elements of this model
are expressed as [7]:

2
Ids (Vgs ’Vds ) = B(Vgs - VTO) (1 + )“Vds )tanh(anS )
_1/
V. Y72
Gy =CM><(|_ & ] (10)
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The parameters of Curtice 2 model of FET for
100pm TWSW are shown in Table L

Table I
Curtice 2 model’s parameters for 100pm TWSW

Parameter Value

B 0.0162 A/V?

o 1.3V

A ov!
Vi 235V
C‘g=g0 12 fF
Codn 5915 {fF
Cac 17.745 {F
Vi 085V

The diagrams of Gggr and Cppr versus V, for
100pum TWSW are shown in Figs. 5 and 6. The status
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of switch is controlled by the applying gate voltage.
The switch transfers the signal through drain TL in
ON state. In the OFF state, the switch behaves as short
circuit and reflected the input signal and prevents from
transmission of RF signal.

0.12 .

4 3 2 A
Vgs
Fig. 5. Grgr versus Vg for 100 pm TWSW.
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Fig. 6. Crer versus Vi for 100 pm TWSW,

The parameters of a Drain’s transmission line for
100pm TWSW is listed in Table II [1]. Using the
parameter values for 100 pm FET, the values of R, L,
C and G per unit length are calculated.

Table II
Drain’s TL parameters for 100 um TWSW
Parameter Value
% 3.15x10° Q/Hz"*
L"_r!_ 40 DH
Crr 7 {fF

IV. ANALYSIS OF LOSSY TRANSMISSION LINE
MODEL

In this section, by using the scattering parameters
Si; and S,;, the behavior of a 600 pm TWSW is
studied versus control voltage and operating

frequency. These parameters are shown in Figs. 7 and
8.

3 . n
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Fig. 7. Calculated S, (dB) for 600 pm TWSW versus Control
Voltage (V) and operation frequency.
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Fig. 8. Calculated S;, (dB) for 600pum TWSW in various Control
Voltage (V) and operation frequency.

In Fig. 9, the division of operating area is shown.
The domain is divided to ON, OFF and transient
regions based on the amplitude of S;(dB) in that
regions.

.5’

ON State
Sa > -1.5dB

20 40 60 80 100 120
freq (GHz)

Fig. 9. Defined the ON and OFF region for 600 pm TWSW based
on the S;; (dB).

In the ON state, S,(dB) > -1.5dB, the switch
passes the signal with low insertion loss, and in the
OFF region, S;(dB) < -20dB, the switch isolates the
input and output terminates, and prevent the flow of
RF signal. In the transient area, the behavior of TL is
not suitable to act as a switch and must be prevented
from operating in this region, thus the ON and OFF
control voltages are selected as far as possible from
the transient region, and the control voltage are
selected as:

Vg ON)=5v

(11
V g (OFF) =0v

According to Figs. 7 and 8, in the ON state,
Vg=-5v, the signal transfers through the
transmission line and reflected signal is low. In
the OFF states, V,=0v, the switch prevents the
transfer of signal and behaves like a short circuit

and reflected a high ratio of incident signal.

In the next part of this section, the performance of
a 600 pym TWSW is studied in ON and OFF states
with fully distributed analysis, by applying the
scattering parameters. The results are compared with
the semi-distributed analysis of switch to validate. In
sliced analysis, the switch structure is dividing into 20
equal slices each with a 30 pm length. These results
are shown in OFF and ON status in Figs. 10 and 11.

521 (Fully distributed) ¢, 521 {Semi distributed)

Sn {Semi distributed) .....—- S1| (Fully distributed)

o 40 60 80 100 120
§(GH2)

Fig. 10. Calculated insertion loss and reflection coefficient
for 600pum TWSW in ON state wsing scattering parameters
and sliced modeling.

10— - )
- 821 (Fully distributed) ¢ 821 (Semi distributed)

b

20 * w 's11 (Semi distributed) —.-.. - S11 {Fully distributed)
o

3ph

70! . 2 - —
0 20 40 B0 80 120
f(GHz)

Fig. 11. Calculated isolation and reflection coefficient for 600
um TWSW in OFF state using scattering parameters and

semi-distributed modeling.

As seen in Figs. 10 and 11, the results of the fully
distributed model and sliced model are in close
agreement with each other in ON and OFF status and
the fully distributed model is validated.

In the last part of this section, the behavior of
switch is studied as a function of the length of switch
and operating frequency. According to Figs. 12 and
13, in OFF state, the reflection coefficient is better in
small length and isolation is closer to desired value in
large switch length; therefore, a tradeoff between these
parameters needs to be dome. As the reflection
coefficient changes are negligible, the isolation is
chosen as the principal parameters in OFF state.

m = 400 3 T
length ( um) 200 7 o 40
o 102 frog (GHz}

Fig. 12. Sy, (dB) in OFF state.
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coefficient in the ON state. Fig. 18 displays the
composition of two figures.

100

200

length (u m)

-]
“an  TreqiGHz)
= — T
600 = -
500 Q
length | um) 1000

Fig. 13. S;, (dB) in OFF state.

20 40 60 80 100
freq (GHz)

Figs. 14 and 15, indicate that the insertion loss is
: ’ Fig. 16. Division of domain based on S, (OFF).

satisfactory in the ON state, thus the reflection
coefficient is the main parameter in the ON state.
Thus, the important parameters in optimization of
TWSW are isolation (S, (OFF)) and reflection
coefficient in ON state (S,;(ON)).

tength (p m)

20 40 60 100
freq (GHz)

Fig. 17. Division of domain based on S;; (OFF).

100 o 200
120 o

Fig. 14. S,, (dB) in ON state,

length

length {u m)

900

20 40 60 80 100
freq (GHz)

Fig. 18. The combination of two divisions of domain.

1000

Table III is suggested for optimization. The
domain is separated based on the value of S;;(ON) and
S;1(OFF), and finally the region that has the highest
value is chosen as the optimum zone.

Table TIT

The division of domain by mapping the value and weight to the
regions, based on S;;(OFF) and S;,(ON).

o
Fig. 15. S, (dB) in ON state,

V.  OPTIMIZATION OF SWITCH PERFORMANCE

The scattering parameters of the switch, ie., Sy
and S;, are functions of the length of drain

Value S1,(ON)

transmission line. In this section, S;; and S,; are
calculated at various frequencies and switch lengths,
and the optimum switch length is achieved based on
desired isolation and reflection coefficient.

Si1 and Sy as a function of frequency and switch
length in OFF and ON states are illustrated in Figs. 12-
15. Figs. 16 and 17 indicate the frequency and length
domain division based on isolation and reflection

S5, (OFF)

20

S, (OFF) <-30dB

S,, (ON) <20 dB

17.5

S,, (OFF) <-25 dB

Sy, (ON)<-17dB

15

S., (OFF) <-20 dB

S11 (ON)<-14 dB

12.5

S, (OFF) <-15 dB

S, (ON)<-11 dB

10

S,, (OFF)<-10 dB

S;; (ON)<-8 dB

0

S+ (OFF) >-10 dB

S, (ON)>-8 dB
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Considering the acceptable range of parameters
and the classification of the domain, the optimum
region is achieved from Fig. 18. Three light regions
have reflection coefficient in ON state less than -20 dB
and isolation more than 30 dB, therefore according to
operating frequency the best optimum region is
chosen. For example, the optimum length of switch to
achieve the biggest bandwidth is 800 pm at 60 GHz.
The scattering parameters of 800 pm TWSW in ON
and OFF states are shown in Figs. 19 and 20.

~ -

tH
wemes 8, (dB) == S, (dB)

- — .40
20 40 60 80 100 120
t (GHz)
Fig. 19. The insertion loss and reflection coefficient for 800 um
TWSW in ON state.

S,y (B) =emew Sy, (dB)

-100+ s . ; - " :
0 20 40 60 80 100 120

1(GHz)
Fig. 20. The isolation and reflection coefficient for 800 pum
TWSW in OFF state.

As it can be observed in Figs. 19 and 20, the
switch has a small insertion loss in wide frequency
range in the ON state and a proper isolation in the OFF
state, in which case switch almost does not transfer
any signal through drain transmission line and behaves
like a short circuit and reflects RF signal. Of course,
different considerations in practice decrease this
bandwidth, but altogether the distributed structure is
ideal for reaching wide bandwidth.

VI. CONCLUSION

With growing operating frequencies and as the
switch lengths are becoming comparable with
wavelength; lump modeling cannot describe the
behavior of structures properly. Therefore, the
requirement for fully distributed modeling with
consideration of wave transmission in the structure is
becoming obvious. Also, because of the wave
transmission effects, the operation of the switch is
intensely related on the frequency and structure
dimensions. Therefore, the effect of distribution, the
length of switch has an important effect on the
behavior of the system. The switch parameters have
been calculated versus frequency and switch length,

and given acceptable values for the parameters, the
optimum length of switch has been achieved.
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