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A Closed-Form Expression for the Frequency
Dependent Microwave Responsivity of Transistors
Based on the I-V Curve and S-Parameters

Gaudencio Paz-Martinez, Philippe Artillan, Javier Mateos, Member, IEEE, Edouard Rochefeuille, Tomas
Gonzélez, Senior Member, IEEE, and Ignacio fﬁiguez—de—la—Torre

Abstract—A generic high frequency model of two-port RF
detectors, based on I-V curves and S-parameters measurements,
is proposed and applied to the case of AlIGaN/GaN field effect
transistors. The expression of the current responsivity (A/W)
of any kind of transistor detector is derived for RF power
injection both through the gate and the drain. The main novelty
of the proposed model is the adequate consideration of the
often neglected gate-drain coupling. The developed formalism
also clarifies the voltage-current DC bias and the progressive and
regressive power waves used to describe the RF excitation of the
two-port non-linear device. The obtained frequency dependent
closed-form expressions replicate very satisfactorily the current
responsivity measurements made in AlGaN/GaN HEMTs up to
67 GHz. In order to improve the physical understanding of the
frequency dependence of the current responsivity of transistors,
it is expressed in terms of the magnitude and phase of drain-gate
voltage ratio. The analysis of the different contributions to the
RF responsivity reveals that the gate-drain capacitive coupling
plays a key role in its frequency dependence.

Index Terms—GaN high electron mobility transistors
(HEMTs), Radio frequency detection, Responsivity model, Zero-
bias detector

I. INTRODUCTION

N recent years, the use of Field Effect Transistors (FET)
I as direct power detectors in the mm and sub-mm wave
range is gaining interest [1]. Different technologies have
been tested and demonstrated with promising performances:
InGaAs/AllnAs HEMTs [2], GaAs HEMTs [3], Si MOSFETs
or CMOS structures [4], GaN HEMTs [5], [6], Si FinFETs [7],
graphene FETs [8], [9] or nanowire FETs [10]. Initially,
the plasma-wave Dyakonov-Shur theory [11] was used to
explain the microwave detection with FETs at frequencies
above their classical cutoff, leading to the imprecise collective
label of ”’plasma-wave detectors”. However, at moderately high
frequencies, typically below 100 GHz, the classic quasistatic
resistive mixing concept linked to the non-linearity of the I-
V curves of the devices [12] is able to perfectly describe
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the RF detection. At higher frequencies, above the cutoff
of amplification, this approximation breaks down and has
to be replaced by a non-quasi-static theory, like the non-
resonant Dyakonov-Shur plasma detection theory [13]. How-
ever, whereas the latter predicts an enhanced responsivity,
experimental data show a frequency roll-off, which can be
modeled with a fitting parasitic capacitance [14]. Thereby, with
strong practical interest for electronics applications such as 5G
or 6G wireless communications [15], [1], we will focus on sub-
THz frequencies and we will consider that eventual plasma-
wave [14] or thermoemission [16] effects can be neglected.
The main novelty in our paper is the computation of the
frequency-dependent detection response of FETs both taking
into account the non-linearity and the frequency dependent
behavior thanks to the measured I-V curves and S-parameters.
Another key novelty in our approach is to compute the
response of the transistor in both cases of gate and drain
RF power injection from the measured S-parameters, with no
additional steps involving the extraction of a lumped-element
equivalent circuit or the use of further approximations (as in
ref. [12]). In the two cases, the frequency-dependent contribu-
tion of the gate-drain coupling is accurately taken into account.
The paper combines the information of the current-voltage DC
curves and the progressive/regressive waves related to the S-
parameters into the closed-form expressions for the responsiv-
ities. We emphasize the importance of properly computing the
observable RF voltages V,(t) and Vy,(t) at each terminal of
the transistor, as illustrated in Fig. 1, from the available input
power (i.e. the progressive waves injected into gate or drain
port, Vgt or th, respectively). We provide the closed-form
expressions in real units (A/W) for the responsivity of the
transistors. The predicted current responsivities with both gate
and drain injection schemes are validated with measurements
up to 67 GHz in a 0.25 pm gate AlGaN/GaN transistor.
To the authors’ knowledge, very few papers provide a direct
quantitative comparison between measurements and models in
a broadband frequency range [12].

II. EXPERIMENTAL SETUP

The experimental setup is sketched in Fig. 1, where a two-
channel SMU Keysight B2902A and Keysight N5247A PNA-
X are used for the measurements. First, the DC I-V curves
are measured. Then, the S-parameters at each bias points are
obtained. Port 1 corresponds to the gate and port 2 to the
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Fig. 1. Schematic drawing of the setup for DC and RF characterization. In
this setup, the PNA-X VNA operates as the RF source. The RF power can be
injected either in the drain or in the gate port. The two-channel SMU biases
in voltage the drain and gate terminals of the transistor. An internal bias-tee
allows us to couple DC and RF signals. The drain current is measured as
detection output. Ground-signal-ground (GSG) probe tips are used to contact
the coplanar waveguide accesses.

drain, and the calibration planes are brought to the transistors
terminals thanks to a Short-Open-Load-Thru calibration. Fi-
nally, the VNA is employed as RF generator. A low-power
signal of -20 dBm from 100 MHz to 67 GHz is injected into
the transistor in two configurations: at the drain terminal or at
the gate terminal. The losses due to the cables, connectors and
probe tips have been adequately compensated [4]. The SMU
averages the output DC rectified current at the drain port, thus
providing the current responsivities in gate or drain injection
conditions (84 and f,, defined as Aig/Prp, being Aig the
drain current shift measured when a RF signal of Prpr power
is injected into the drain or gate ports, respectively, in A/W).
Everything is controlled with a home-made LabView code.

III. RF MODEL OF THE RESPONSIVITY
A. Limitations of the Quasi-Static Model

A AlGaN/GaN HEMT similar to that studied in refs. [17],
[18], [19], with a gate length L,=250nm and a gate width
W=2x50 pum, has been used in the experiments. The inset
in Fig. 2(a) presents the transistor output curves measured in
DC (note that self-heating is negligible for the low voltage
conditions used in our experiments). Fig. 2(a) shows, in empty
blue symbols, the dependence of $; on Vs obtained when
an RF signal of different frequencies from 1 to 67 GHz is
injected at the drain port with Vpg=0. These are the standard
”zero bias” detection conditions, which allow to minimize
the output noise and improve the sensitivity of the detectors.
Indeed, the other key figure of merit of detectors is the Noise
Equivalent Power (NEP), defined as the minimum input power
that can be detected over the level of noise of the device per
square root of bandwidth, thus providing a measure of the
detector sensitivity. Within drain injection conditions, it can be
estimated by using the Nyquist theorem (neglecting any excess

noise) as NEP; = 7V4kiT/R, being R the device resistance.
It is shown in Fig. 2(b) calculated at 1 GHz.

The typical maximum [ is revealed very close to threshold
voltage, as can be observed from the transfer Ip-Vig curve
(for a low value of Vpg=0.1V) shown in the right axis [17],
[18], [19], while the optimum N E P, appears for Vg slightly
below the maximum f4, since the increase of R reduces the
current noise. It is interesting to note that although the shape
and dependence on Vg of the measurements (empty symbols)
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Fig. 2. (a) Current responsivity 34 in A/W measured at different values of the
injected frequency (empty symbols) as a function of vgs in a AlGaN/GaN
HEMT with gate length L4=250 nm and gate width W=2 x 50 um. The
dashed lines correspond to the results obtained at those frequencies with the
proposed model, eq. (10), while the red line corresponds to that of the QS
model, eq. (15). The output curves of the transistor are plotted in the inset.
(b) N E P (blue circles) estimated at 1 GHz and drain current 7, measured at
Vqs=0.1V (solid red line, right axis) as a function of vgs. The dashed vertical
reference lines indicate the position of the minimum values of 54 and NE P,
at 1 GHz (blue) and the threshold voltage of the HEMT at v45=0.1 V (red).

at higher frequency are very similar to those at 1 GHz, their
values decrease progressively, at 67 GHz being one order of
magnitude smaller. One of the objectives of this paper is
to quantitatively explain this frequency response in terms of
the measured S-parameters instead of using a fitting parasitic
capacitance [14] or a normalization procedure [9]. Indeed,
many papers in the literature of “plasma-wave detectors”
compare the RF measurements with theoretical predictions,
but it is typically just a qualitative comparison of the Vg
dependence, because the input power is not precisely known.
This happens mainly in free-space experiments, where the THz
(or sub-THz) input signal is coupled to the gate terminal via
an antenna. In this work, the RF power is fed either into the
gate or the drain ports, with a value which can be exactly
calculated thanks to the knowledge of the S-parameters.

B. Proposed RF Model

In the following, time domain variables are lowercase, DC
are overlined and complex phasors are uppercase. In order to
model the QS detection mechanism of a transistor, the AC
component of the drain current is expressed as a two-variable
Taylor power series [20], [21], [22] (as a function of v4s and
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vgs) of the current-voltage characteristic around the DC bias
point 74, fixed by Uy, Ugs, so that:

ia(t) ~ig + Nig + i @) + i35G+ (1)

If the first and second derivatives of the drain current are
defined as follows
oG,

0g500gs

9ij (2
g1o being the transconductance, g,,, and go; the drain con-
ductance g4=1/R, the DC detected current Aiy to be recorded
by the ampere-meter can be calculated as

1 1 .
Aig = 3 (2920|V952 + 5902|Vd5|2 +guR [VgsVd5]> . (3

If an excitation with angular frequency w=27f is applied,
the linear component i%¥'(¢) will depend on the amplitude
and phase of the gate and drain voltages V=V s|e’#s and
Vias=|Vys|ei?e as

Z§F(t) = gloﬁ(Vgs) + gOlw(Vds)- (4)

The second order component containing second harmonic
generation 5% (t) is not developed here.

The key point and one of the main novelties of the model
presented in this paper is the precise determination of the
voltages at each terminal of the transistor, it is to say, the

proper calculation of
Vgs (1) = Tgs + R(Vs),
Vds (t) = Ugs + §R(‘/ds)
The observable complex voltage Vs at each port (z = gate
or drain) is the sum of the progressive and regressive voltage

waves V. and V.. Furthermore, V, can be calculated from
V. thanks to knowledge of the scattering matrix S

Vgs _ V(]E 4 Sl 1 Sl 2 V(JE . (6)
Vs Vis So1 - Saz ) \ Vg,
——

progressive waves regressive waves

&)

If we first focus on the case of drain injection, we must
consider that (i) V;;=o, since no power is injected into the
gate and (ii) Vd'g=\/ 2Ry Py with Ryp=50( the typical output
impedance of the source and P, the available input power.
Under these conditions, V, and Vg5 can be computed from
(6) as

Vis = (1+ So) Vs Voo = 812V, 7

It is important to note that Vy, is larger than the injected
voltage, as it is the sum of the progressive and the regressive
waves. Also, even if no power is injected to the gate (V;g=0),
the observable gate voltage V,, is not null due to the internal
coupling between the gate and the drain, which, in an equiva-
lent circuit representation of the device, would correspond to
a Cyq capacitance. In order to highlight this phenomena, one
can compute the magnitude and phase of the ratio between
drain and gate voltages, oy and 6, respectively, as:

Vi i
Vas 1+ 5o

®)

agelfe =

Substituting expressions (7) and (8) in (3), the rectified
current can be finally expressed as

— 1/1 1 2
Aig = 3 <2920a,21 + 5902 + glladcos(t?d)> ‘Vd';| |1+ 522|2 7
)

which is almost the same as the one obtained by Khan et
al. in ref. [21], with one important difference: the presence
here of the frequency dependent |1 + Sgg|2 factor, resulting
from the consideration of both injected and reflected waves.
Note that the information of the non linearity (considered to be
frequency independent) is contained in the coefficients defined
in (2), while all the frequency dependence of the RF detector
comes from Ss5 and the coupling parameters oy and 64. Using
the definition of th = V2R Py, the responsivity in A/W is
= ifid = % (92007 + go2 + 2g1104c08(0a)) |1 + Sao)?,
(10)
or, using the values of a4 and 6, calculated from the S-matrix
as indicated in (8):
_ Ry 2 2 «
Ba = -5 (920 |S12]” + goz2 |1 + Sa22|” + 2911 R[STo(1 + 522)]) .
(1D
In a similar way, if the power is injected in the gate terminal,
so that V= 0 and V,§ = /2R, P,, we can define

_ S21
Vgs 1+ S11

and compute the expressions for the responsivity in the case
of gate injection as

Ba

agedts = (12)

Aig R
By = ?d = 70 (920 + go202 + 2g11004c08(8,)) |1 + S11 |,
Rg (13)
Bg = 70 (920 11+ S11)* + goz |Sa1|% + 2911 R[S (1 + 511)]) )
(14)

These are general expressions for the RF detection within both
the drain and gate injection schemes, which can be used in any
bias condition and in any kind of field effect transistor.

At low frequency, (i) the drain-gate coupling can be ne-
glected (512 Wzo 0 or, equivalently, ayq “QO 0), and (ii)
the drain input reflection coefficient Soo tends to the quasi-
static reflection coefficient 'y, which can be obtained from

the drain conductance go1: Sao wzo 'y = %. Under
0

these conditions (10) becomes the well known' equation for

the QS drain responsivity S;(w — 0) plotted in Fig. 2 and

published in [17], [18], [19]
w—0 Ro

By~ _ 1902

—g02(14+Ty)? =
p Sl T =5,

Fig. 2 shows a very good agreement between the RF mea-
surements at 1 GHz in drain-injection conditions (empty blue
circles) and the values obtained from eq. (15) (red line).
However, as this QS model does not contain any frequency
dependence, it is not able to reproduce the RF measurements
at high frequencies. The low frequency range where the QS
model is valid depends on the device geometry and bias
conditions.

(1-13). (@15
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IV. EXPERIMENTAL VALIDATION AND PHYSICAL
INTERPRETATION

For validation, the proposed RF model has been imple-
mented in MATLAB software. The g;; coefficients have been
calculated by fitting the DC curves of the inset of Fig. 2
to a 5th degree polynomial. For the case of the typical
unbiased-drain passive configuration [21] (zero-bias detectors),
(i) the value of goq is null (since i4~0), and (ii) S12=551,
meaning that gate-drain coupling takes place in both directions
(affecting the RF detection in both gate and drain injection
conditions) and at the same level.

A. Drain Injection

In the case the RF signal is applied to the drain terminal,
eq. (10), or (11), since both are the same, has been used
to calculate S4(f) from the measured S-parameters matrix.
Fig. 2(a) shows the excellent agreement between the model
and the experiments at some selected frequencies in the
whole gate-to-source bias range. Moreover, the frequency
dependence of 34 shown in Fig. 3(a) at Vy,=—3.65V (where
the peak of 3, is found, see Fig. 2) and 745=0V (zero biased
detector condition), confirms again that our model is able
to accurately predict the results of the drain-injection RF
detection experiments in all the frequency span of the VNA.

Additionally, each of the three contributions of (10) are
plotted in Fig. 3(a) in order to understand their respective
weight and how significant is the coupling between terminals
for the case of drain injection. First, we can see that the
dominant term is associated, as expected, to gpe. At w=0,
the structural gate-drain capacitance Cjyq presents very high
impedance, leading to a negligible coupling between gate
and drain (ca4=0), so canceling the contribution of the term
associated to gi;. Moreover, as explained before, goo is null
since i4~0 so that the corresponding term in (10) is negligible
for all frequencies. As a consequence, the low-frequency
plateau observed under drain-injection conditions is provided
by the ggo term alone (the one considered within the QS model
presented in our previous papers) [17], [18], [19].

As the frequency increases, the decrease vs. f of the
1+ 522\2 factor, due to the higher drain impedance, leads
to a smaller contribution of the term proportional to ggs. In
parallel, a fraction of the signal injected at the drain reaches
the gate thanks to the increasing values of a4 and the term
proportional to g7 starts to have a significant influence on
the final response. Note that both terms have opposite sign,
so that the responsivity decreases fast with frequency, with a
cutoff frequency of around 19 GHz, due to the addition of
both effects. Indeed, at 67 GHz the terms associated to g1
(accounting for the drain-gate coupling) and g2 (accounting
for the direct drain detection), practically cancel each other.
In order to remove the effect of the term in g;;, a practical
solution is to add an external capacitance between gate and
source in order to AC ground the gate terminal (so that S15=0
and a,z=0) and thus enhance the responsivity in drain injection
configuration [6], [12], [14].

@ o RF measurements TN
— Equation (10) i
—~ 05} e E
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Fig. 3. Drain current responsivity when the RF power is injected at the (a)
drain terminal, 34, given by eq. (10) (blue line) and (b) gate terminal, 34,
given by eq. (13) (red line) as a function of the excitation frequency for
Ugs=—3.65V and 74,=0V. RF measurements (star markers) and the three
components of the model (dashed lines). The inset represents the coupling
parameters: the ratio o (left axis) and the phase shift 6 (right axis) between
gate and drain voltages.

B. Gate Injection

In the case the RF signal is applied to the gate terminal, eq.
(13) (or (14) since both are the same) is used for the calculation
of B4(f). The results for Ty;=—3.65V and U4,=0V (the same
conditions as for the drain injection case) are shown in Fig.
3(b), where a very good agreement between the measured
values and those predicted by our model is observed. At

low frequency, the capacitive gate-drain coupling leads to
Qg e~ 0, thereby making, as expected from (13), 3, e~ 0.

This happens because a drain voltage is necessary to have
an output current, which only builds up at high frequency
due to the gate-drain coupling, allowing that part of the input
power, as S, increases, reaches the drain. That is why, in
order to enhance the detection of low-frequency signals in
the gate-injection configuration, practical detectors typically
add an external capacitive shunt between the gate and the
drain (increasing the effective Cyq), so that Soq is not null
at sufficiently low frequency [8], [23], [13].

The typical assumption in the limit of 1/jwC,4~0 implies
that the whole power injected to the gate is propagating to the
drain: ag~1 and 0,~0, as done in ref. [12]. As a consequence
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(13) simplifies to
Bg%%(gm +2g11)|1+ Su”.

However, losses and phase shift are inherent to the gate-drain
coupling mechanism, so that the previous assumption is too
strong for practical cases. Indeed, as shown in the inset of
Fig. 3(b), the gate-drain coupling passes from being purely
capacitive at w~0 (ay=0 and 0,=90), to practically resistive
for the highest frequencies, but with about a 25% voltage
drop (ay~0.75 and 0,~0). This is the typical high-pass filter
behaviour of the Cyq connecting gate and drain, but with
a non-null resistance (and also some inductive parasitics) in
series. As can be observed in Fig. 3(b), 3, does not show a
plateau at high frequency as predicted by the simplified model
of ref. [12]. This is due to the frequency variation of Sii,
which originates a frequency roll-off before the ideal condition
1/jwC4q~0 is fulfilled. One of the important advantages
of the closed-form expressions of the responsivity we are
proposing is that (11) and (14) directly taking the S-parameters
as a basis, are able not only to provide the complete frequency
dependence of the experimental responsivities, but also avoid
the need of making strong assumptions such as perfect input
matching or absence of parasitics and losses.

At high frequency, the terms in both gy and g1; have a sig-
nificant contribution to the responsivity, and since goo~ — 911,
the term in g;; becomes the dominant one (note the factor 2
in the calculation). Thus 3, > 0 due to g11, while 84 < 0 due
to go2. Other authors [23], [24], when using the plasma-wave
Dyakonov-Shur theory to explain the results of RF detection
in gate injection regime, use a frequency-independent value
of B, proportional to a quantity similar to g;;, which is dv
being o the conductivity of the channel. By so doing, both
the frequency dependent attenuation and the drain contribution
to the RF detection are disregarded, but being the input
power unknown, a good agreement with the dependence of the
measurements on Uy, (which follows that of g11) is typically
obtained by making a normalization.

In order to further confirm the validity of the proposed
model, in Fig. 4 we present the results obtained for both
Ba and B, (for the vy, providing their maximum values)
using HEMTs with different gate geometries (L,=75, 150
and 250 nm and gate width W=2x25 pym) compared with the
results previously presented for the reference HEMTs with
L4=250 nm and gate width W=2x50 ym. For all of them, the
agreement between the experiments and the results obtained
with equations (10) and (13) is remarkably good. Furthermore,
only a weak dependence on the gate length is retrieved, a
slightly larger bandwidth is obtained by reducing the gate, with
similar responsivity. On the other hand, a significant increase
of the responsivity with W is obtained, as 34 and 3, (as g20
and g;;) are proportional to it, but with a smaller bandwidth
[17].

(16)

V. CONCLUSION

In summary, the proposed model provides an excellent
agreement with the on-wafer measurements of the current
responsivity under both drain and gate injection regimes up
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Fig. 4. Measurements of 4 and 4 (circles) compared to the results of the
proposed model (lines) given by equations (10) and (13), respectively, as a
function of the excitation frequency for HEMTs with different gate geome-
tries: the previously studied one L4=250 nm and gate width W=2x50 pum,
and other three devices with W=2x25pm and Lg=75, 150 and 250 nm.
For each device, the results are presented for the vgs value providing a
maximum SBg.

to 67 GHz. Moreover, the model may be extended up to
frequencies in the terahertz range, as long as the non-linear
response measured in DC is at the origin of the detection
and other non linear physical phenomena, such as plasma
resonance, are not significant. It is also important to remark
that the qualitative behaviour shown in Fig. 3 for 34 and S,
for a 250 nm/2 x50 pm gate length/width AlGaN/GaN HEMT
has been also observed in devices with different gate lengths
and widths, and also in InGaAs HEMTs [17].
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