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Abstract—Using an external tuner-based method, this paper
demonstrates a complete millimeter-wave noise characterization
and modeling up to 60 GHz for 65-nm MOSFETs for the first time.
Due to channel length modulation, the channel noise continues to
increase and remains the most important noise source in the mil-
limeter-wave band. Our experimental results further show that,
with the downscaling of channel length, the gate resistance has
more serious impact on the high-frequency noise parameters than
the substrate resistance even in the millimeter-wave frequency.

Index Terms—Millimeter wave, MOSFET, noise, RF.

I. INTRODUCTION

ITH THE downscaling of channel length into deep-sub-

micrometer regime, RF MOSFETs have become good
choices for millimeter-wave applications [1]. Although RF
noise characterization and modeling for deep-submicrometer
MOSFETs have been widely studied, the operating frequencies
were mostly limited to several gigaherz and may not be enough
for millimeter-wave applications. Therefore, there is an urgent
need to characterize and model the noise behaviors up to mil-
limeter-wave frequencies. Although Waldhoff ef al. [2] have
shown noise parameters covering the millimeter-wave regime,
their results were based on the F50 method [3] that may not be
accurate enough due to its approximations for noise parameter
extraction.

In this paper, to more accurately obtain and model the
millimeter-wave noise behaviors, the tuner-based method is
used instead. With the help of tuner-based Auriga noise and
scattering parameter measurement system [4], a complete
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millimeter-wave noise characterization and modeling for MOS-
FETs fabricated in 65-nm technology can be achieved. Note
that contrary to the in-situ tuner based technique [5], [6], the
Auriga measurement system uses an external tuner to avoid the
pre-design, characterization, and deembedding of the on-die
tuner, and maintains reasonable measurement results.

This paper is organized as follows. Section II describes the
device geometries and de-embedding method used in this work.
The noise equivalent circuit is also addressed. Section III shows
the intrinsic noise sources and their gate length dependence. The
modeling results and the impact of gate and substrate resistances
on the noise parameters are discussed in Section I'V. Finally, we
will make conclusions in Section V.

II. DEVICES AND EXPERIMENTS

The devices used in this paper were fabricated by UMC
65-nm technology process and laid out in multifingers and
multigroups structure with two sided gate access. The number
of fingers and groups are eight and four, respectively, and
finger length is 4 pm, which might not be optimized for
millimeter-wave applications. The scattering (S) and noise
parameters (minimum noise figure NF,;,, equivalent noise
resistance R,,, magnitude of optimum source reflection coeffi-
cient ||, and phase of optimum source reflection coefficient
LTgpt) from 18 to 60 GHz were measured using Auriga noise
and scattering parameter measurement system, and the dummy
OPEN and SHORT de-embedding technique was used to eliminate
the parasitic contributions from the probing pads and metal in-
terconnections [7]. The Auriga system was carefully calibrated
and the accuracy of measurement results were confirmed by
the widely used 18-GHz ATN noise and scattering parameter
measurement system, as shown in Fig. 1. The good agreement
between the extracted channel noise and its theoretical value
for a cold device shown in Fig. 1(c) also validates measurement
reliability.

The equivalent circuit shown in Fig. 2 was used to charac-
terize devices’ noise behaviors, and its small-signal model ele-
ments were carefully extracted using the approach presented in
[8]. In this figure, the input resistance R; and phase delay 7 are
essential in describing the intrinsic small-signal behaviors when
operating frequencies approach cutoff frequency (f;), and the
junction capacitance C} 4, along with substrate resistance Ry
are used to model the RF substrate loss. In addition, the series
inductances (Ls, Lq, and L) are pronounced for the high-fre-
quency operation. Therefore, these elements must be considered

0018-9480/$26.00 © 2010 IEEE
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TABLE I
EXTRACTED INTRINSIC SMALL-SIGNAL PARAMETERS THAT CAN
BENEFIT THE CHARACTERIZATION OF THE NOISE PARAMETERS

741

NFmin (dB)

N WA OO N

-

0 1 1 1 1 1 0
0 10 20 30 40 50 60

Frequency (GHz)

3+

-21 52
S, (107'A%Hz)
N

- - .I LI
1+ .—r..—rlr.-r.-l.—'-—.:- g
0 L 1 1 1 L
10 20 30 40 50 60
Frequency (GHz)
(©

Fig. 1. Broadband (1-60 GHz) noise parameters. (a) NF,;, and R, versus
frequency plot. (b) I',,¢ in a Smith chart. The data below 18 GHz were measured
by an ATN system, while above were measured by an Auriga system. (c) Good
agreement between extracted channel noise and its theoretical value for a cold
device.
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Fig. 2. RF noise equivalent circuit for bulk MOSFETs.

when it comes to millimeter-wave characterization and mod-
eling. Table I shows the intrinsic small-signal parameters that
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Fig. 3. Extracted: (a) S;4, (b) Sig, and (c) S; 44+ versus frequency. The solid
lines show the frequency dependence.

can benefit the characterization of the noise parameters. Be-
sides, since the gate current is about or smaller than 1 nA, its
associated incremental resistance (> 100 M) and shot noise
(~ 10™® A2/Hz) are neglected in this model.
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Fig. 4. Short-circuited current (|H>1|) gain, unilateral power gain (U), and
associated gain (G a_ass) versus frequency.

III. CHANNEL NOISE SOURCE CHARACTERIZATION
AND MODELING

Fig. 3 shows the extracted power spectral density (PSD) for
channel noise 44, induced gate noise 7, and imaginary part of
cross correlation component (denoted as S;q, Sig, and S;g;q-,
respectively). To obtain these intrinsic PSDs, the noise contri-
butions from the parasitic series and substrate components were
eliminated following the approach presented in [9]. S;4 is shown
to be frequency independent, and S, and S;g4:4+ to be propor-
tional to f2 and f, respectively. These relations agree with the
van der Ziel model [10]. Besides, our extracted results coincide
with the previous findings that with the channel length scaling,
Siq are expected to increase, while S;, and 54,4+ are expected
to decrease [9], [11] due to the smaller oxide capacitance cou-
pling [12]. Note that due to the smaller power gain, and hence,
the larger inaccuracy in noise measurement, the upper measure-
ment frequency is limited to 40 GHz for the L = 0.24 pym
device. The short-circuit current gain (|H21|), unilateral power
gain (U), and associated gain (G, 4ss) versus frequency are also
shown in Fig. 4 for the reader’s reference.

Traditionally, S;4 can be expressed as [10], [12]

Sia = 4kBTvg40 9]

where kg ~ 1.38 x 10723 J/K is the Boltzmann constant, T
is the ambient temperature in kelvin, g40 is the channel con-
ductance at zero drain—source voltage, and -y is the noise factor.
The extracted noise factor versus channel length is depicted in
Fig. 5, which shows that v continues to increase with decreasing
channel length.

Asgaran et al. [13] have developed an analytical expression
for S;4 based on the classical thermal noise theory with taking
the channel length modulation into account

2

1 2VD sa 4kgTI
Sid:4kBTID< & D, t)% BZ°D

2
VD,sat 3VVGT VD,sat

where Vp sa¢ is the drain saturation voltage at which the car-
riers start to travel with their saturation velocity, Vg is the gate
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Fig. 5. Noise factor v versus gate length.
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Fig. 6. Extracted channel noises (symbols) and their theoretical values (lines)
calculated using (2) versus drain current.
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Fig. 7. Saturation voltage versus channel length.

overdrive voltage, and « is the bulk charge coefficient. The ap-
proximation is especially valid for shorter devices with smaller
Vb sat- The extracted and modeled S;4 versus drain current Ip
for different channel sizes are shown in Fig. 6. In our experi-
ments, the values for Vp ¢,¢ under a given gate bias Vs were
extracted by linear extrapolation in the output resistance versus
drain bias plot [14], and the Vp 4.t extraction results are also
shown in Fig. 7.

According to this model [13], devices with smaller Vp sat,
which means more channel length modulation in the channel,
would exhibit larger channel noise. As shown in Fig. 7, since
Vb ,sat continuously decreases with downscaling channel
length, one can expect that S;; would continue to increase, as
shown in Fig. 6. Since (2) was a purely thermal noise based
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Fig. 8. Modeled: (a) NF i, (b) R, (¢) Gopt, and (d) B¢ versus frequency.

eters are also shown in this figure.

model, the good channel noise modeling results also imply
that the shot noise is not significant at 65-nm technology node,
which agrees with the results shown in [15]. This also explains
the increase of noise factor y with the downscaling of the
channel length.

IV. NOISE PARAMETER CHARACTERIZATION AND MODELING

Based on the equivalent circuit shown in Fig. 2, and the
channel noises extracted in Section III, the noise parameters
were simulated using Agilent Technologies’ Advanced Design
System (ADS). Note that the noise sources associated with
series resistances (I, R,, and IZ4) and substrate resistance
(Ryp) are considered as thermal noise, and their PSDs can be
expressed as 4kpT'/ R, where R is the resistance value. In addi-
tion, for simplification, we have neglected S;, and S;4iq-, as in
[16]. To validate the assumption for millimeter-wave modeling,
both the modeling results with and without considering .S;, are
shown in Fig. 8 for comparison. This figure shows that without
considering S, 4, the errors are still within acceptable range,
especially for L = 0.12 and L = 0.06 pum devices, and this
supports the approximation we used in the millimeter-wave
modeling. Besides, since the L 0.24 pm device is not
suitable for millimeter-wave application due to its low cutoff
frequency f; and maximum oscillation frequency fiax, as
implied in Fig. 4, the larger errors in NF,;, and Gop¢ for this
device may not be a concern for millimeter-wave applications.
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The impact of S, ,, gate resistance, and substrate resistance on these noise param-

A. Intrinsic Noise Parameters

Neglecting S;4 and S;4;4-, the intrinsic noise parameters can
be expressed as follows:

Rn,int
S;
— 3
4kpToH (gfn + W20g2d)
Gopt,int
1- 1_‘0 in WQCZRi’
= Re pt,int ~ £ P (4)
1+ 1_‘opt,int 1+ w2cg2$Ri
Bopt,int
1- 1—‘0 t,int
-1 — P )~ —w(Ci+ C 5
m (1 + Fopt,int) w( # " gd) ( )
NFmin,int
~1+ 4Rn,intGopt,in‘c
Si wZOQSRi
~1+ - r ©)

2072 R2
k1o (g?n + (UQCde) I+w CgsRi

where subscript int denotes the intrinsic part and 7, = 290 K
is the reference temperature.

A good figure of merit (FOM) to judge the intrinsic noise
performance is S, /( i/ 92, According to (3),

~
~

92, +w2C2,)
lower S;q/ gfn can lead to smaller I, ;n¢, Which can benefit the
input matching for circuit design. Fig. 9 depicts S;q and R, int
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Fig. 9. Siq and R,, in¢ versus g2,.

versus g2, for different channel lengths. It shows that with length
scaling down, the increase of the channel noise tends to over-
whelm the increase of gfn, and in turn, degrades I2,, in¢.

B. Impact of Gate Resistance on Noise Parameters

It has been shown that the gate resistance has a significant
impact on the noise parameters and cannot be ignored in deep-
submicrometer noise modeling [16], [17]. In fact, as the gate
resistance exists, the total expressions for noise parameters have
the following relations to the intrinsic ones:

T
R, =R, int+ =R 7
,int + TO g ( )
Rn,int
Bopt ~ R—nBopt,int (8)
Rn,int Rn,int 2
GOPt ~ <R—> (G(ijt,int—i—ngt,int) _<R—> ngt,int
©))
NFmin ~1 + 2I%nc';(opt + 2RgRTL,ir1t (Gcz)pt,int + Bcz)pt,int) .
(10)

These equations suggest that the gate resistance would
highly increase equivalent thermal resistance and minimum
noise figure. In addition, since the gate resistance is significant
in shorter devices, as shown in Fig. 10, its impact on their
noise parameters is expected to be more serious. This is also
confirmed in Fig. 8, where a larger error can occur in the shorter
device without considering the gate resistance.

Note that for cases where R is comparable or even larger
than R, as in [16], more accurate equations can be obtained by
replacing R, with R + R, in (7)—(10). Besides, the value of
R, can be changed as the used gate materials, number of gate
fingers, and gate layout dependency. Therefore, the effect of R,
on the noise parameters can be varied at different cases.

C. Impact of Substrate Resistance on Noise Parameters

Reference [18] has considered the effect of substrate resis-
tance (R} ) on high-frequency noise modeling. The modeling re-
sults without considering the substrate resistance are also shown
in Fig. 8. This figure shows, however, as compared to R,, the
substrate resistance [, has a much smaller influence on noise
parameters. To explain this, one can find that at very high fre-
quency, the drain-side noise current’s PSD can be approximated
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Fig. 10. Extracted gate resistance (R, ) versus channel length.
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by Sia + Sy, where Sy, = 4kpT /Ry, is the noise current PSD
for the substrate resistance. As shown in Fig. 11, based on the
extracted values of Ry, Sy is about 1/10 of S;4 at the very high
frequency and can be ignored. That is, in millimeter-wave fre-
quencies, the overall noise performance would be mainly dom-
inated by S;q and R,.

V. CONCLUSIONS

We have demonstrated the millimeter-wave noise character-
ization and modeling for 65-nm MOSFETs based on the tuner
method for the first time. Our experimental results show that
with the continuous down scaling of channel length, the channel
noise S;; would remain the dominant noise source in the in-
trinsic part of the device, and can be predicted by the traditional
thermal noise theory. The sharply increased S;4 also degrades
R,.

Finally, the millimeter-wave noise modeling is achieved.
With the help of circuit simulation, the impact of R, and R,
on the noise parameters has been examined. Compared to Ry,
R, is shown to have a more serious influence on the noise
parameters, and needs to be included in the millimeter-wave
noise modeling.
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