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Abstract—The advanced GaN-based devices utilized for high-

performance radio frequency (RF) applications are intensively 

studied to be used as RF sensors or amplifiers. The paper is focused 

on microwave characterization of two port passive devices, 

especially on-chip calibration structures and InAlGaN/GaN 

electron mobility transistor (HEMT) operating in the cold bias 

region (zero applied voltage). The acquired S-parameters are 

inputs to build a passive device small-signal model consisting of 

three star-connected impedances. The calculated Z-parameters are 

possible to be utilized for on-chip signal paths design. The 

parameters to be calculated are assumed frequency independent, 

however, more proper HEMT modelling requires non-zero voltage 

application, therefore, the model possibilities are depicted and 

discussed. 

 

Keywords—GaN; HEMT; RF on-chip calibration; S-

parameters; Z-parameters; small-signal model 

I. INTRODUCTION 

aN-based devices offer superior performance in high-

power, high-frequency and high-temperature applications 

due to wide-bandgap, high current density and electron mobility 

caused by the generation of its unique 2-D electron gas [1,2]. 

High electron mobility transistors (HEMTs) have been widely 

studied and utilized in high-frequency power amplifiers [3,4]. 

Recently, with the commercialization of 5G communication and 

signal detection research on millimeter-wave power gigahertz 

(GHz) electronics is being actively developed. The device large-

signal modeling reflects non-linear effects up to the millimeter-

wave band, self-heating, device trapping and degradation effects 

are considered as well [5,6]. Although device large-signal 

modeling reflects self-heating effects up to the millimeter-wave 

band, to explain radio frequency (RF) phenomena, a small-

signal model is prioritized as the frequency increases reflecting 

frequency dependent device S-parameters and Z-parameters  

[7-9]. However, temperature dependent DC and AC electric 

parameters acquisition allows to build up the large-signal model 

possible to be employed in the device transient analysis [10,11]. 

The vector network analyzer (VNA) as a precision measuring 

tool requires RF calibration using a vector error correction to 

remove systematic errors’ contribution coming out from 

absorption, delay or phase shift of the signal path from the VNA 

generator/detector to the device under test (DUT) as depicted in 

Fig. 1. 
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The electrical standards used during the RF calibration 

process can be the well-known SHORT, OPEN, LOAD and 

THRU (SOLT) utilizing the calibration substrate to correct 

VNA to probe tips signal paths which may differ in general due 

to various coaxial cable lengths, bending, connectors, etc. Those 

signal paths are high-distance in comparison to the RF signal 

wavelength, therefore the small-signal model of distributed 

parameters is required to be utilized for the coaxial cable, 

connectors and probes. The small-signal model of lumped 

parameters can be employed for a large wavelength signal [12]. 

Whereas standard materials and metallization used for 

fabrication of conventional test semiconductor structures suffer 

from imperfections in their electrical and spatial parameters, 

various signal paths are utilized for on-chip calibration. OPEN, 

SHORT and THRU test structures of the vertical and horizontal 

dimensions similar to the DUT dimensions offer acceptable 

compromise between broadband and low-space on-chip 

calibration to correct signal paths from probe tips to DUT [13]. 

The pad paths are usually considered as similar, the test 

structures are symmetrical and low-distance in comparison to 

the RF signal wavelength and hence the small-signal model of 

lumped parameters can be utilized. 

 

Fig. 1. Block diagram of RF measurement. 
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The paper deals with the microwave characterization of 

InAlGaN/GaN (HEMT) and on-chip two port calibration 

structures in the operation frequency range 10 MHz to 40 GHz. 

The obtained S-parameters were utilized as input parameters to 

create simplified small signal model of the investigated HEMT 

at zero applied DC voltage [14]. The measured S-parameters 

[15] are employed to create the small-signal model of on-chip 

calibration structures as the cascade connection of pad path and 

short/open/line path. 

In this case, HEMT and calibration structure act as a passive 

two port device, therefore three star-connected impedances can 

be employed to form the small-signal model. S-parameters to Z-

parameters conversion in the forward and reverse way is used to 

calculate and verify small-signal model parameters. The model 

properties and on-chip calibration planes are discussed and 

compared to the advanced HEMT small-signal equivalent 

circuit in the cold bias region [9] useful for establishing initial 

values for voltage-dependent models. 

II. THEORY 

In Fig. 1 all blocks/paths are characterized by S-parameter 

matrixes utilizing signal power – input a1, a2 and output b1, b2 

as shown in Fig. 2. In the block diagram, VNA S-parameter 

matrix is supposed zero and the VNA port reflection and 

crosstalk are included in the VNA to tips path, which act as 

active devices, in general non-symmetrical and non-reciprocal.  
 

 

Fig. 2. Block diagram of two-port blocks/paths in Fig. 1. 

Tips to DUT paths and DUT are characterized by the electric 

model of lumped parameters. Thus, in this case two-port S-

parameters (s11, s21, s12, s22) conversion to Z-parameters (z11, z21, 

z12, z22) utilizing characteristic impedance Z0 [8] gives 

possibility to find a small-signal model shown in Fig. 3 utilizing 

incident port currents I1, I2 and voltages V1, V2. 
 

 

Fig. 3. Generalized small-signal model. 

In Fig. 3 the parameters z11, z22 are modelled by impedances 

of voltage drop z11I1, z22I2 caused by currents I1, I2 flowing 

directly through the impedance. However, parameters z12, z21 are 

modelled by voltage sources of drop z12I2, z21I1 driven by 

currents I1, I2 not flowing through them, therefore the incident 

signal can be gained due to external power application not 

depicted in the small-signal model. 

 

Most passive components like resistors, capacitors, inductors 

are reciprocal resulting in 𝑠12 = 𝑠21, except for structures 

involving magnetized ferrites, plasmas, etc. This is also valid 

for passive devices consisting of frequency dependent passive 

components, e.g. HEMT gate capacitance. Coming out from the 

definition, a two-port passive circuit exhibits the sum of the 

reflected and transmitted wave power equal to or less than the 

incident wave power. The two-port passive device model of 

lumped electric parameters consists of the parallel and serial 

combination of resistors, capacitors, and inductors only. 

However, the sources of voltage z12I2, z21I1 driven by external 

currents I2, I1, respectively, are present in the small-signal model 

in Fig. 3. To solve this, a small-signal model consisting of three 

star-connected impedances was utilized as depicted in Fig. 4 

with the following parameters: 

 𝑍𝐺𝑁𝐷 = 𝑧12 = 𝑧21 (1) 

 𝑍1 = 𝑧11 − 𝑧12 (2) 

 𝑍2 = 𝑧22 − 𝑧12 (3) 

 

Fig. 4. Small-signal model of three star-connected impedances. 

Coming out from the S-parameter matrix conversion to  

Z-parameter matrix, reciprocal components exhibit 𝑠12 = 𝑠21 

and 𝑧12 = 𝑧21. Hence, if experimentally acquired s12, s21 exhibit 

a similar frequency dependence, the small-signal model of three 

star-connected impedances can be utilized, no additional 

assumptions are required. 

III. EXPERIMENTAL 

The VNA Agilent Technologies E8363B was utilized to 

acquire S-parameters in the frequency range 10 MHz to 40 GHz. 

The VNA DC input of the built-in mixer was grounded during 

the measurements to ensure zero DC voltage connected. The 

block diagram of RF measurement setup is shown in Fig. 1 

taking signal paths into account. 

The error correction of the VNA to probe tips signal paths 

was realized by SOLT calibration utilizing built-in software and 

algorithms. Pico-probes and calibration substrate with the 

calibration protocol were obtained from GGB Industries. 

The InAlGaN/GaN HEMT structure consists of ~ 800 nm 

thick GaN buffer layer grown on a SiC substrate followed by a 

patented ~ 800 nm thick AlGaN back barrier, ~ 150 nm thick 

GaN layer, AlN interlayer and top InAlGaN barrier of thickness 

~ 6 nm. 

The structure was processed by standard  

Au metallization to form OPEN, SHORT, THRU calibration 

structures of the horizontal dimensions similar to the 

investigated HEMT dimensions as shown in Fig. 5. Double 

gated HEMT of device width ~ 50 μm, gate length ~ 1.5 μm and 

optimized gate to source and gate to drain gap length in the 

range 1 μm to 2 μm was investigated. The chip was placed on 

the Al chuck during RF measurements. 
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Fig. 5. Horizontal view on double gated InAlGaN/GaN HEMT and 

calibration structures. 

IV. RESULTS AND DISCUSSION 

1) InAlGaN/GaN HEMT 

The widely utilized small-signal equivalent circuit of GaN-

based HEMTs is shown in Fig. 6 indicating the port numbers, 

the source is connected to the ground [9]. The model consists of 

pad parasitic capacitances (Cpg, Cpd) and pad parasitic 

inductances (Lpg, Lpd), an extrinsic part depending on the layout 

structure and independent of applied voltage and an intrinsic 

part of parameters changing by applied biases [16,17]. The 

extrinsic part consists of the source, drain and gate series 

resistances Rs, Rd, Rg, the source, drain and gate series 

inductances Ls, Ld, Lg. The Rds and Cds are usually classified as 

intrinsic model parameters, but empirically, the difference in 

values extracted according to biases is not large [16,17]. The 

intrinsic part contains the gate to drain impedance source 

consisting of Rgd, Cgd, and the gate to source impedance 

consisting of Ri and Cgs, those parameters are voltage dependent. 

The active part of the circuit in Fig. 6. is the current source of 

complex transconductance Gm driven by the intrinsic gate to 

source voltage Vigs. Despite the zero DC voltage was connected 

to the investigated HEMT during RF measurements, the circuit 

and parameters mentioned above are crucial to utilize small-

signal models of RF signal paths on chip. 

 

 
Fig. 6. Conventional small-signal equivalent circuit of a GaN-based HEMT [9]. 

 

 

2) On-chip Calibration Structures 

The small-signal model is utilized to find impedances Z1, Z2 

and ZGND of pad path and particular path connected in the 

cascade resulting in RF on-chip test structure. Both pad paths 

(P) are supposed to be the same characterized by S-parameters 

s11
P, s22

P, s21
P, s12

P. Therefore, on-chip calibration is based on 

simplified SOLT calibration, utilizing OPEN, SHORT, THRU 

structures, and LOAD structure is not required. 

To avoid robust calculations and numerous calibration 

structures, DUT in Fig. 1 is set as ideal open, short and line 

structure. Two-port open path of the test structure OPEN is 

characterized by: 

 𝑠11
𝑂 = 𝑠22

𝑂 = 1    𝑠12
𝑂 = 𝑠21

𝑂 = 0 (4) 

  𝑍1
𝑂 =  𝑍2

𝑂 = ∞    𝑍𝐺𝑁𝐷
𝑂 = 0 (5) 

The two-port open path of the test structure SHORT is 

characterized by: 

 𝑠11
𝑆 = 𝑠22

𝑆 = −1    𝑠12
𝑆 = 𝑠21

𝑆 = 0 (6) 

  𝑍1
𝑆 =  𝑍2

𝑆 = 0    𝑍𝐺𝑁𝐷
𝑆 = 0 (7) 

The two port line path (L) of the test structure THRU is 

supposed as coplanar line characterized by: 

 𝑠11
𝐿 = 𝑠22

𝐿 = 0    𝑠12
𝐿 = 𝑠21

𝐿  (8) 

The S-parameters of on-chip calibration structures shown in 

Fig. 7 are utilized to build a small-signal model of RF paths [15]. 

The impedance/admittance pad path parameters Z1
P, Z2

P, and 

YGND
P = (ZGND

P)-1 were calculated by S-parameters to Z-

parameters conversion and utilizing (1), (2), and (3). The 

constant real part and imaginary part linearly dependent on 

frequency f of the impedances Z1, Z2 and admittance 

YGND = ZGND
-1, respectively, were supposed to find the 

corresponding resistances R, conductivities G and inductances 

L = Im{Z}/2πf, L = Im{Y}/2πf, respectively, utilizing operating 

frequency f. 
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Fig. 7. S-parameters of pad path and line path of on-chip test structure 

a) s11
P and s22

P of pad part 

b) s21
P = s12

P of pad path and s21
L = s12

L of line path. 

The pad path impedances and admittance are shown in Fig. 8 

divided into real and imaginary parts. Due to a small difference 

of s11
P and s22

P, Z1
P is close to Z2

P, therefore, the pad path 

exhibits symmetrical passive device properties. 

The parameters of the gate pad and the drain pad in Fig. 6 are 

defined as follows: 

 𝑧11 = 𝑧12 = 𝑧21 = (𝑗𝜔𝐶𝑝𝑔)
−1

 (9) 

 𝑧22 = 𝑗𝜔𝐿𝑝𝑔+(𝑗𝜔𝐶𝑝𝑔)
−1

 (10) 

However, the model in Fig. 6 does not cover the pad path 

resistance and conductance, moreover, the contact tips 

resistance difference between investigated and calibration 

substrate is not included. Therefore, RF pad path parameters are 

better fulfilled utilizing model of three-star-connected 

impedances in Fig. 4. 

 

0 10 20 30 40
0

1

2

3

4

R
1

P
 = 0.390 

L
1

P
 = 12.6 pH

Im{Z
1

P
}

Re{Z
1

P
}

 Z
1

P
 (


)

f (GHz)
 

(a) 

0 10 20 30 40
0

1

2

3

4

R
2

P
 = 0.410 

L
2

P
 = 12.9 pH

Im{Z
2

P
}

Re{Z
2

P
}

 Z
2

P
 (


)

f (GHz)
 

(b) 

0 10 20 30 40
0

1

2

3

G
GND

P
 = 0.330 mS

C
GND

P
 = 10.3 fF

Im{Y
GND

P
}

Re{Y
GND

P
}

Y
G

N
D

P
 (

m
S

)

f (GHz)
 

(c) 

Fig. 8. Pad path of RF on-chip test structure – real 
and imaginary part frequency dependence of 

a) impedance Z1
P and corresponding resistance R1

P and inductance L1
P 

b) impedance Z2
P and corresponding resistance R2

P and inductance L2
P 

c) admittance YGND
P and corresponding conductance GGND

P  

and capacitance CGND
P. 

For the line path Z1
L, Z2

L, and YGND
L = (ZGND

L)-1 were 

calculated by S-parameters to Z-parameters conversion and 

utilizing (1), (2) and (3). The acquired S-parameters result in the 

same Z1
L and Z2

L. The real and imaginary parts of Z1
L = Z2

L and 

YGND
L = (ZGND

L)-1 shown in Fig. 9 indicate coplanar line segment 

properties. 

The calculations validate the assumption of negligible 

effective structure permittivity and permeability variation 

nearby RF on-chip RF paths in the operation frequency range. 
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(b) 

Fig. 9. Line path of RF on-chip test structure – real  
and imaginary part frequency dependence of 

a) impedance Z1
L = Z2

L and corresponding resistance RL and inductance LL 

b) admittance YGND
L and corresponding conductance GL  

and capacitance CL. 

3) InAlGaN/GaN HEMT 

After de-embedding the pad path model, extrinsic model 

parameters are possible to be extracted through S-parameters 

measured in the cold bias region where the drain-source voltage 

is zero. Based on the conventional small-signal equivalent 

circuit of a GaN-based HEMT [9] the small-signal equivalent 

circuit in the cold bias region in Fig. 10 consists of source, drain 

and gate series resistances Rs, Rd, Rg, source, drain and gate 

series inductances Ls, Ld, Lg, distributed channel resistance 

under the gate Rch and distributed gate resistance Rsdj and 

capacitance Csdj. Z-parameters are yielded as the sum of 

extrinsic model resistances, inductances and intrinsic model 

resistances, capacitances taking distributed channel parameters 

into account: 

 𝑧11 = 𝑅𝑠 + 𝑅𝑔 + (
𝑅𝑐ℎ

3
) + [𝑅𝑠𝑑𝑗 ∥ (𝐶𝑠𝑑𝑗)

−1
] 

+𝑗𝜔(𝐿𝑠 + 𝐿𝑔)  (11) 

 𝑧12 = 𝑧21 = 𝑅𝑠 + (𝑅𝑐ℎ/2) + 𝑗𝜔𝐿𝑠 (12) 

 𝑧22 = 𝑅𝑠 + 𝑅𝑑 + 𝑅𝑐ℎ + 𝑗𝜔(𝐿𝑠 + 𝐿𝑑) (13) 

With respect to the small-signal equivalent circuit in Fig. 10 

Z-parameters in Fig. 4 are defined as the sum of the following 

real and imaginary parts: 

 𝑍𝐺𝑁𝐷 = 𝑅𝑆 + 𝑗𝜔𝐿𝑆 (14) 

 𝑍1 = 𝑅𝐺 + 𝑗𝜔𝐿𝐺+(𝐺𝐺 + 𝑗𝜔𝐶𝐺)−1 (15) 

 𝑍2 = 𝑅𝐷 + 𝑗𝜔𝐿𝐷 (16) 

The relation between parameters in (11), (12), (13) and 

parameters utilized in (14), (15), (16) are as follows: 

 

 𝑅𝑆 = 𝑅𝑠 + (𝑅𝑐ℎ/2) (17) 

 𝑅𝐷 = 𝑅𝑑 + (𝑅𝑐ℎ/2) (18) 

 𝑅𝐺 = 𝑅𝑔 (19) 

 𝐺𝐺 + 𝑗𝜔𝐶𝐺 = [𝑅𝑠𝑑𝑗 ∥ (𝐶𝑠𝑑𝑗)
−1

]
−1

 (20) 

 𝐿𝐺 = 𝐿𝑔 (21) 

 𝐿𝐷 = 𝐿𝑑 (22) 

 𝐿𝑆 = 𝐿𝑠 (23) 

 

Fig. 10. GaN-based HEMT small-signal equivalent circuit 

in the cold bias region [9]. 

The measured S-parameters of investigated HEMT are 

depicted in Fig. 11 [14]. The condition s21 = s12 is met and a 

small-signal model of three star-connected impedances at zero 

applied voltage in Fig. 4 can be utilized, whereas no voltage 

sources depicted in Fig. 3. are required. The Z1, Z2 and YGND sub-

circuits including approximated resistances, inductances, 

admittances and capacitances are shown in Fig. 12. 

The frequency dependence of the real and imaginary parts of 

the calculated impedance Z2, obtained using S-parameters to  

Z-parameters conversion and (3), shown in Fig. 12 (b), gives the 

opportunity to determine constant RD and LD values along the 

investigated RF range, since the thin drain contact acts as an 

inductance. The distributed inductance and resistance along the 

drain electrode causes the deviation in the Z2 real part constancy 

and the Z2 imaginary part linearity. 

Whereas HEMT and on-chip calibration structures are 

surrounded by GND metallization connected to the source, a 

notable parallel capacitance CS coming out of admittance 

YGND = (ZGND)-1 = (RS)-1 + jωCS is depicted in Fig. 12 (c). The 

additional distributed series impedance causes the notable YGND 

real part increase. 
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Fig. 11. Measured (black solid curves) and modelled (red dashed curves)  

S-parameters of investigated InAlGaN/GaN HEMT. 

The gate series resistance RG and inductance LG cannot be 

extracted in a simple way as indicated above from Fig. 12 (a) 

due to the intrinsic gate conductance GG and capacitance CG. 

Due to the symmetrical HEMT design, LG is supposed to be like 

LD and RG is extracted from the constant real part of Z1 at high 

frequencies [7]. The subsequently calculated GG║CG 

admittance allows to approximate its real and imaginary parts 

along the investigated RF range and verify whether they are 

constant and linearly dependent, respectively. 

To separate Rs, Rd, and Rch from RS and RD, respectively, and 

to determine GG and CG dependent on vertical electric field, 

non-zero voltage is required to be applied [7,8] and additionally, 

Rg and Lg can be determined more accurately. 

Constant values of resistors, inductors, and capacitors in 

Fig. 12 underline the negligible effective structure permittivity 

and permeability variation along the operation frequency range. 

The measured and modelled S-parameters depicted in Fig. 4 

are in good correspondence. The proposed method is useful to 

determine initial values for the proper HEMT RF modelling 

along the operation voltage range. 

 

CONCLUSION 

The small-signal model of three star-connected impedances 

utilized for passive devices was employed to characterize 

InAlGaN/GaN HEMT and on-chip calibration structures in the 

frequency range of 10 MHz to 40 GHz. The proposed model 

was compared to GaN-based HEMT small-signal equivalent 

circuit parameters in the cold bias region. The frequency 

dependence of calculated impedances and admittances indicate 

the real part and the imaginary part close to constant and linearly 

dependent, respectively, giving an opportunity to employ simple 

resistors, inductors and capacitors in the device small-signal 

equivalent circuit. 

 

 

(a) 

 

(b) 

 

(c) 

Fig. 12 Calculated (solid curves) and modelled (dashed curves) impedances: 

(a) Z1, (b) Z2 and (c) admittance YGND of investigated InAlGaN/GaN HEMT 
including determined parameters corresponding to the small-signal model sub-

circuits. 

The model validation exhibits good correspondence between 

measured and modelled S-parameters, the deviation is caused 

by additional distributed parameters not involved in the model. 

The method utilized in the paper is useful to determine initial 

values for the GaN-based HEMT RF modelling along the 

operation voltage range. The three star-connected impedances 

calculation is possible to be employed in the automated 

measuring system. 
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