Journal of The Institute of Electronics and Information Engineers Vol.54, NO.5, May 2017

= 2017-54-5-2

https://doi.org/10.5573/ieie.2017.54.5.11
ISSN 2287—5026(Print) / ISSN 2288—159X(Online)

RF MOSFET®] 315 24 918 A3 fjg o274 24

( Theoretical Analysis of Frequency Dependent
Input Resistance in RF MOSFETS )

oF 2} H* o] A #*

>

( Jahyun Ahn and Seonghearn Lee®)

o

RF MOSFEToIA #3€ 92 A%l F34 $4 S40] vastdl 98 5492298 451 polest zero 734 54
& AHgstel AAE BAHA. old@ olBH NG AHgHel AFAN YAAYS] grAyol TaIGeld At
pinch-off 391 Aols] ALAGOZRE WAHE AS VAT, o5} 2ol AFHN YAAGel 2T AL AY &
Fe ALATE AAAUA 220E 57482 2D e Fadae BPHe dFHd.

4>

Abstract

The frequency dependent input resistance observed in RF MOSFETSs is analyzed in detail by deriving pole and zero
frequency equations from a simplified input equivalent circuit. Using this theoretical analysis, we find that the reduction
effect of the input resistance in the low frequency region arises from the channel resistance between source and pinch-off
region in the saturation region. This channel resistance effect on the low frequency reduction of the input resistance is

physically validated by performing small-signal equivalent circuit modeling with varying the channel resistance.
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I. Introduction

S-parameters in two-port measurement system are
widely used to develop a MOSFET equivalent circuit
model and design RF integrated circuits (ICs), but it
is very hard to analyze the frequency response of
mput resistance Ry converted from S;j—-parameter
with the load resistance of 50Q connected in output
port!],

As Lg is scaled down to deep sub-—micron, Ry is
increased by another component due to the output
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resistance connected to the drain in the saturation

[~ W' the gate finger

region In previous study',
number Nf dependent characteristics of low—frequency
Rn measured from Syj—parameter of multi-finger
sub—micron MOSFET's have been analyzed. Recently,
it has been reported that Ry of a standard MOSFET
is largely reduced with increasing frequency at low

12 Since this frequency dependence of

frequencies
Ry has a decisive impact on the RF input characteristics
of MOSFETS, its accurate modeling is very important
for an input matching circuit design in RF ICs.
However, this low frequency reduction phenomenon
of Ry has not been analyzed and its physical origin
has not been investigated yet.

Therefore, in this paper, we have derived pole and
zero frequency equations of Ry in 0.18um standard

multi-finger N-MOSFET's using a physical equivalent
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circuit model. Using these equations, an original

model parameter for reducing Ry in the low

frequency region is clearly identified in detail.
II. Measurement

N-MOSFETs with a multi-finger layout (the gate
length [,=0.18um, the unit gate finger width
W,=10um, the gate finger number Nf=16, 64) fabricated
by a standard CMOS process were used in this work.
S—parameters of these devices were measured using
on-wafer RF probe up to 30GHz. We carried out a
de-embedding process for removing RF probe pad
and metal interconnection parasitic components from
measured S—parameters[5“6].

Using measured Sp;—-parameter, Ry is obtained by

the real part of input impedance! "

|

where Zo is the characteristic impedance of Ro=b0Q.
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Fig. 1. The frequency response of measured Ry for Nf=16

and 64.

Fig. 1 shows the frequency response of measured
R with a different Nf up to 30GHz using (D™, In
Fig. 1, Ry is largely reduced by the pole frequency
fole and flatted by the zero frequency f,., at higher
frequencies. The Ry consists of the gate resistance
Ry and the input resistance R'w seen behind R,.
Since R, is independent of frequency, the frequency
1 i1s due to R'w. The

dependence in Fig.
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high-frequency values of Ry at Nf=64 are lower than
those of Nf=16. This
independent R, included in Ry is inversely proportional

is because the frequency

to Nf in a multi-finger gate layout. This reduction
effect of Ry versus frequency is analyzed in the next
chapter by deriving the theoretical formula of fie and

fzero N

1. Analysis

1. Input Resistance Equation

In order to obtain e and f., equations of Ry, we
use a small-signal MOSFET equivalent circuit”™
with R,=502 connected

Syi—parameter measurement setup in Fig. 2.
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A small-signal MOSFET equivalent circuit in a

Sii—parameter measurement setup.

Fig. 2.

In this model, Cq is the gate-source capacitance,
Cad Sm the

transconductance, rgs is the differential drain-source

is the gate-drain capacitance, is
resistance due to channel length modulation in the
saturation region, Cgs 1S the depletion capacitance
between drain and channel end in the saturation
region, r«, 1S the channel resistance between source
and channel end in the saturation region'”, R, is the
gate resistance, Ry is the drain resistance, R is the
source resistance, Cjq is the drain-bulk junction
capacitance, Ry i1s the bulk resistance, and Gy is the
bulk capacitance.

However, it is very difficult to derive fyje and fer
due to the complexity of Fig. 2. In order to simplify

Fig. 2, the influence of junction and bulk parameters
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(Cig, Cik, Rp) on fyge and feo is analyzed by using
the following direct extraction method:

In the high-frequency(HF)
frequency dependence disappears, Ry, Rq, and Rs are
of

and Re(Zp) versus o

region where the

extracted at Vg=Vg=0V using y-intercepts
Re(Z11-Z19), Re(Zp7i2)
respectively[w]. Cia, Rk and Gy are extracted using
the following direct extraction method using Y-parameter
equations'” .

In order to check the influence of junction and bulk
de-embedded Ry obtained by

subtracting extracted values of Ry, Cig, Rk and Cix

parameters, is
from measured S*parametersm]. Fig. 3 shows a
comparison between de-embedded and measured Ry
vs. frequency. The de-embedded Ry decreases in all
frequency range, but these parameters have a very
weak influence on fye and f, in Fig. 3. Thus, the
physical reason for the low frequency reduction of
R in standard MOSFETSs is not due to Ry, unlike
previous results in non-standard MOSFET®

10
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Fig. 3. Frequency response of measured and de-embedded

Rin.

Thus, in order to reveal the physical origin of the
reduction effect of Ry, the frequency dependence of
Ry i1s analyzed using the simplified input equivalent
circuit neglecting Gy, Rk and Gy, in Fig. 4 where the
negative feedback resistance Rs is absorbed in the
following formulas of C'g, C'4s, g'm and 1r'¢s by

combining with Cg, Cas, gm and re>

13
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C,gs = C;s/(l—i_ngs)

C,ds = Cds/(1+ngs) (3)

9 'm =9/ 1+g,R,) (4)

r ,d,s — Tas <]' + ngs ) (5)
Be
O—WWN\ il O
G 1l.D
CI:: C) Cds
gs ghVes § s Rg+Ro
P Ich
Zn Zin L o
S(B ) ZL
J% 4. Cg, Rw, Calt FAIEO] ShestE 3 S7tsl2

Fig. 4. A simplified input equivalent circuit with neglecting
de, Rbk and Cbk-

In Fig. 4, Z'iv is the input impedance seen in front
of C'ys and Z''v is one seen behind C'y. The
effective load impedance 7Z; in a dashed box is a
circuit block with r'gqs, C'4s, ren and RotRq. From Fig.
4, 7'y 1s derived by:

1
JwCy
g2 +1

+7
‘ ©6)

’r _
Z IN —

where 7, is derived by:

g Rerij'dstrch
L 1+jw0'd3(Rp+rch)

where R, is parallel block of 1’4 and R4*R.,.
From Fig. 4, R'iy is expressed by the real part of
the parallel impedance Z'y of Z''iv and C'ge.

1

’ ij,(]s Z w
R IN — Re 1 - (8)
i Zr/ ]
JwC” g TZn

Substituting (6) and (7) into (8), the following

equation is derived:

_ A+ Bw®

C+ Dw” + Fw

’
R IN
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A= CL{le)(C;{l + C;rlRy)g,m + C’dstg,m)

B= w2 C‘tqu C’?Istrch, (Rprchg’m + Ten + Rp)

c=1C"y+Cul+ R g P

D= RE(C,!IS qu + qucldsrchg,m + C,QSC,dS
+ ngc’ds )2 + CIZSTch [Tch (Cl!]é‘ + qu)Q
+2R, (C"gs ngrchg'm + C},zd Tend m
+(C )+ Cp0))l

E= (C,gs ngC,dstTch )2

2. Pole and Zero Frequency

In order to derive fyy, the denominator of (9) is
divided by {C’g+Cea(1+Rog'w))* and then expressed
by the following equation:

Den =1+ aw® + bw* (10)

where

2 ’ ’ ’ ’ ’
a= [Rp(c gs CLd + C;rlc ds"chd m +C ysC ds
+ ngc,ds >2 + C’(lerch (Tch (C’gs + ng)2
+ 2Rp (C,gs ngrchg’m + Cgl rchg,m

a

+(C o+ C)N/(C o+ Cu(U+ Ryg',,))?
b= (O,ys ng,dstr(:h)Q/(O,ys + CL{l(l + }Bp.g’m))2

The equation of (10) can be rewritten by:
Den= (1+pw?)(1+ qu*) v

Solving a=p+q and b=pg obtained by (10) and (11),
p is obtained by:

a+ Va®—4b

To calculate a and b in (12), intrinsic model
parameters (Cgs, Cga, Cas, 8m, Tas and re) in Fig. 2 is
extracted using intrinsic Y'-parameter equations’”
obtained by sequentially subtracting extracted values
of Ry, Cia, Rugy Ci, Rg and Ry from measured
S—parameters.

In order to eliminate the possible errors associated
with the direct method, a small-signal equivalent
circuit of Fig. 2 is optimized to fit the measured
S—parameters as close as possible while parameters
obtained from the direct method are used as initial
values with narrow bounds. C'gs, C'as, 2'm and 1'¢s in

Fig. 4 are determined using (2)-(5). Table 1 shows

(714)

Xgoll et o|2H =4

extracted model parameters, a and b of Nf=16 and 64.
Due to a >> b in Table 1, p = a and p >> q
Thus, (11) is approximated by the following equation:

Den = 1+ aw® (13)

Therefore, the dominant pole frequency fye is

obtained by:

(14)

f _ L (C,ys + cfyd(l—"_Rpg,m))2
pole 2 G2+H

s

where

G= R}?(O,ys gd + ngO,dsr(:hg’m + C’gsc,ds
+C, (10,(18 )2

g
H= C%srch (Tch (C’gs + CT(;(Z )2 + 2Rp (C’gs C;dr(:hg’m
+ C\f;d r(fhg’m + (C,gs + C;d)Q))

When a conventional equivalent circuit® ™ without
Ien 18 used, fuge using (14) at re, =0 is calculated to
be 43.03GHz at Nf=16 and 14.64GHz at Nf=64 which
are much higher than measured ones in Fig. 1.
However, using extracted r., in Table 1 to calculate
(14), similar fyye values to measured ones are obtained
to be 3.78GHz at Nf=16 and 2.42GHz at Nf=64. These
results clearly indicate that the low fye is due to re
in MOSFET.

E 1. MOSFETY #=£= =z mi2iolgf, a2t b
Table1. Extracted model parameters, a and b of MOSFETSs.
Parameter Nf=16 Nf=64
R, 30 0.7Q
Ry 3.4Q 0.87Q
r'ds 414Q 97Q
Teh 390Q 65Q
2'n 0.0787S 0.31S
Clys 0.205pF 0.92pF
Caa 0.063pF 0.250pF
Clys 0.1pF 0.85pF
a 1.77 x 107! 43x107%
22x107% 127 x 107

From the numerator of (9), f,, is derived by:

B \/ Gyt B (O )

27 CpaC 2 (Rpreh g T+ Rp)
(15)

fzero -



20174 58 HASS3| ==X K54H M52

Journal of The Institute of Electronics an

374 without

When a conventional equivalent circui
Ten 1S used, 0 using (15) doesn't exist. This completely
disagrees with measured ones in Fig. 1. However,
f,ero uSINg extracted ry, 1s calculated to be 6.04GHz at
Nf=16 and 57GHz at Nf=64 which are similar to
measured ones in Fig. 1.

Therefore, the large reduction phenomenon of R
in low frequency region under 5GHz in Fig. 1

originates from re, in denominators of (14) and (15).
IV. Verifications

In order to exactly prove the phenomenon of
reducing Ry due to re, the frequency response of the
R is simulated with varying re, using Fig. 2. The
modeled Ry data at rg, =390Q at Nf=16 and ro, =65
Q at Nf=64 agree well with measured ones up to
15GHz, verifying the accuracy of extracted model
parameters. However, the modeling accuracy decreases
in higher frequency range because of the frequency-
dependent 1y, due to the vertically distributed RC effect
in the saturation region'”,

In Fig. 5, when rq, increases, Ry is largely reduced
and then flatted at lower frequencies because of
reduction of the dominant fye and £ Also, the
decreasing rate of Ry increases when ry increases.
This is a same tendency predicted in (14) and (15).

In this study, it is physically discovered that the
reduction effect of R at low frequency range in
standard MOSFET is generated by low fye and frer
due to channel resistance 1., between source and
pinch-off depletion region in the saturation region.
Thus, should be
accurately extracted to model RF MOSFET equivalent
circuit for RF IC design.

it is very important that re

V. Conclusion

The low frequency reduction effect of Ry in RF
MOSFETs wusing a standard CMOS process
analyzed in detail. In order to reveal the physical

1s

origin of this phenomenon, dominant fye and fyer

equations are derived from a simplified input

15
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equivalent circuit for the measurement of Sy—parameter.
18
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Based on these equations, it is physically found that
the large reduction of Ry at the low frequency range
is generated from rg, in the saturation region. The
effect of rg, on the low frequency dependence of Ry
1s also verified by simulating an input equivalent
circuit model with varying rg. Thus, a MOSFET
equivalent circuit with req should be accurately
modeled to predict the frequency dependence of Ry in

standard RF MOSFETs.
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