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Chapter 1

Introduction

1.1 Motivations

It is a matter of fact that Gallium Nitride (GaN) High Electron Mobility

Transistor (HEMT) technologies o�er the advantage of an excellent trade-

o� between costs and high-frequency performance, in a high-volume device

production process, compared to other wide-band-gap semiconductor tech-

nologies, like Silicon Carbide (SiC) [1] or GaN-on-SiC [2�4].

Recent literature reports developments of GaN for power ampli�ers [5]�

[6], oscillators [7], low-noise ampli�ers (LNA) [8], and because of their excel-

lent power handling, also passive circuits like resistive mixers [9]- [10], vector

modulators [11], and even �lters [12]. Because of their very high maximum

operating temperature, namely 700◦C versus 300◦C for GaAs, GaN based

devices have also been adopted for critical high temperature instrumentation

circuits, [5], [13]. In this perspective, a linear front-end at micro-wave de-

velopments, [14], takes advantage of the inherent characteristic of wide-band

gap semiconductors based devices, and in particular of GaN HEMTs, [15].

The GaN technology is considered to be suitable for the development

of highly linear mixer, as witnessed by the recent literature, [16, 17], which

almost entirely considers the resistive mixer topology, and discusses their

signi�cantly high linearity properties. This feature is attributed to the GaN

HEMT's breakdown voltage being higher than their GaAs counterparts and

other high-speed device technologies, Fig. 1.1, which makes the un-biased

device channel resistance only very weakly nonlinear across a wide voltage

range.

1



2 Introduction

Moving from this experimental evidence, the main idea behind this thesis

work is the expectation that active mixers, namely the drain-pumped and the

gate-pumped con�gurations, as well as supply-modulated power-ampli�ers

(SMPAs), take advantage of the GaN's wide drain-source I/V range in terms

of linearity. The reasons leading to such considerations are explained below.

It is well known in the literature that the injection of a large local-

oscillator power (PLO) bene�ts the mixers both for the conversion gain and

the linearity performance [18�20]. In case the LO signal is injected at the de-

vice drain-side, i.e. in the drain-pumped con�guration, the wide drain-source

I/V range allows the application of a large PLO dynamic. Very few drain-

pumped mixers were reported in literature, [21�28], none of which in GaN

technology. In this thesis work, the �rst GaN-based drain-pumped mixer is

reported, in which the positive impact of the technology on the linearity, as

well as on the conversion gain, was experimentally proven.

In the gate-pumped con�guration, the GaN-technology is expected to

provide a double advantage. In addition to the high available-span also

at the gate side, due to the GaN high breakdown-voltage of the gate-source

junction, this con�guration is expected to generate reduced intermodulation-

products by itself. In fact, since in this case the drain-bias is in a region of

�atness drain-source I/V characteristics, we expect a reduction in the inter-

modulations related to the output conductance across a wide IF signal span.

It is worth noting that the linearity property of the GaN-based gate-pumped

mixer was already experimentally observed in [29], but without providing any

explanation about it. In the present thesis work, the concept explained above

was theoretically demonstrated by comparing the results of two independent

analyzes; the one taking into account only the device transconductance, while

the other considering the whole circuit model. These results laid the founda-

tions for the development of a highly-linear GaN-based gate-pumped mixer

for radar applications exhibiting a state-of-the-art input-referred third-order

intercept-point (IIP3) �gure-of-merit.

The expected bene�ts of the GaN technology don't concern only the

mixers. In a similar manner, this technology is expected to open new frontiers

of linearity also for power ampli�ers (PAs), in particular for the class of

SMPAs. In fact, in GaN SMPAs the magnitude of the drain signal has an

available span such as to make it capable of in�uencing the overall distortion

mechanism. In [30], a decrease in the third-order intermodulations power

(IMP3) for a GaN SMPA was shown. In this thesis, the conditions for a
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better inner-cancellation of the intermodulations were found, leading the

overall linearity to a further improve. The linearity performance has been

proven by the measurements carried out on a GaN-based SMPA developed

for this purpose.

Figure 1.1: comparison of breakdown voltage and cut-o� frequency among

various high-speed device technologies (Keisuke Shinohara, IEEE Trans.

on Electron Devices "Scaling of GaN HEMTs and Schottky Diodes for

Submillimeter-Wave MMIC Applications")

1.2 Analysis method

In this scenario, a key role was played by a qualitative approach that charac-

terized the analysis-stage of the circuits. This approach was inspired by the

well-known time-varying Volterra-series analysis [31]. This analysis, based

on the knowledge that the large signal, as the local-oscillator for a mixer,

determines the main operation of the circuit, models the e�ect of such large

signal as a time-varying modulation of the circuit components. As such, the

time-domain waveforms of each component contain information regarding

the global operation of the circuit. It is widely known that this approach

is able to get very accurate predictions on �eld-e�ect transistors intermod-

ulations, but at the cost of a considerable e�ort for the preliminary device

parameters extraction [32].

In this thesis work, rather than extracting the waveforms of all the circuit

components, we extracted the ones of the components which make the major
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contribution to the overall circuit operation. This made the analysis easier to

employ, and at the same time provides the design-stage with both a qualita-

tive and an experimental aspect. Furthermore, since in this work the analysis

purposes were not to make accurate predictions but rather to capture the

main mechanisms governing the nonlinear-circuits operation, the frequency

dependence was not considered. This made the time-varying Volterra-series

analysis converge to the more simple time-varying power-series analysis.

The time-varying power-series analysis accompanied the whole thesis

work and helped in di�erent aspects in the design �ow. The �rst application

presented in this thesis concerns a drain-pumped mixer. In particular, the

transconductance time-domain-waveform of a GaN-device allowed both to

experimentally evaluate the impact of the technology on the mixer conver-

sion gain (CG) and to �nd the mixer's optimum bias conditions. Concerning

the gate-pumped con�guration, the analysis was employed for three di�erent

purposes. Firstly, to prove the negligible contribution of the device drain-

source conductance to the overall mixer operation. Then, to extrapolate

the IIP3 �gure-of-merit of a gate-pumped mixer from the experimental data

of stand-alone-devices, thus enabling a straightforward comparison between

di�erent technologies. Finally, to provide the �rst analytical-based expla-

nation for the phenomenon of the intermodulation-reduction when the PLO

increases.

Furthermore, the use of the analysis has gone beyond the �eld of mixers.

In fact, the e�ect of the drain-signal in a SMPA was approached as the one of

the local-oscillator in a drain-pumped mixers. This enabled the experimental

prediction of intermodulations cancellation occurring in SMPAs, as well as

the identi�cation of the responsible terms.

Finally, a case study concerning the application of the analysis on a

GaAs-based quad-fet passive mixer is presented. In particular, the goal was

to investigate the relation between the time-domain waveforms of the drain-

source conductances and the RF-to-IF isolation provided by the mixer. The

results of the analysis led to the design of a new architecture for the LO

balun, and its positive impact on the RF-to-IF isolation was experimentally

proven.
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1.3 Thesis organization

The structure of the thesis was conceived with the purpose of highlighting the

original scienti�c contributions. Therefore, the chapters re�ect this choice,

containing only material whose originality was recognized. Each initial page

of each chapter contains a footnote specifying how the relative content con-

tributed scienti�cally.

The organization of the thesis is as follows. In chapter 2 the �rst GaN-

based drain-pumped mixer was introduced, and a comparison between ac-

tive and passive GaN mixers, represented by the drain-pumped and the

resistive con�gurations respectively, was carried out in an actual radar oper-

ating context. In chapter 3 the gate-pumped con�guration was considered.

The main nonlinear contributions to the overall operation of a GaN-based

gate-pumped mixer were identi�ed. A subsequent experimental-based com-

parison, in terms of linearity, between GaN and GaAs-based gate-pumped

mixers was carried out. In chapter 4 a highly-linear gate-pumped mixer in

GaN technology is presented, as well as the �rst analytical explanation con-

cerning the dependence of the intermodulations on the PLO. In chapter 5

is shown how the GaN technology opens up new frontiers of linearity also

for SMPAs. In such context, the SMPA operation was viewed as that of a

drain-pumped mixer, by which the conditions for a drop in the intermod-

ulations were predicted. Finally, in the appendix A an application of the

time-varying power-series analysis in the context of high-RF-to-IF-isolation

passive-mixers is reported.
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Chapter 2

Active and passive GaN mixers in

radar scenario

This chapter aims twofold; from the one side, it introduces the

�rst drain-pumped (DP) mixer in Gallium Nitride (GaN) tech-

nology. From the other side, it reports an extensive comparison

with the passive counterpart, namely the resistive mixer. Con-

cerning the GaN DP mixer, a method aimed to predict the op-

timum bias conditions for active DP-mixers is described. This

method leads to high conversion gain (CG) and linearity, along

with the e�cient use of the local oscillator drive level. A mixer

prototype was designed and fabricated according to the discussed

design principles; it exhibited a CG and an input third-order in-

tercept point (IIP3) of +10 dB and +11 dBm respectively. Both

the �gures exceed the documented limitations for the class of mix-

ers considered in this work. The prototype was also tested in

a radar-like setup operating in the S-band frequency-modulated

continuous-wave (FMCW) mode. For comparison purposes, a

resistive mixer was designed and fabricated using the same GaN

HEMT technology. 1

1The part of this chapter included in the subsection "Preliminary DP Behavioral Anal-

ysis" was presented as �Analysis of a Single-Ended GaN-based Drain-Pumped Mixer for

Radar Applications� at the 53rd Annual Meeting of the Associazione Società Italiana di

Elettronica (SIE) [33]. The rest of the chapter was published as �A GaN-HEMT Active

Drain-Pumped Mixer for S-Band FMCW Radar Front-End Applications� in Sensors [34].

7



8 Active and passive GaN mixers in radar scenario

2.1 Introduction

In many modern microwave receiving systems, a high level of dynamic range

is a crucial feature, and a mixer is a functional block capable of in�uencing

the overall system performance from this point of view. In the literature, it

is well known that resistive mixers show the best performance in terms of

linearity [35]. Nevertheless, their linearity features further bene�t from using

High Electron Mobility Transistors (HEMT) implemented in Gallium Nitride

(GaN) technology as highlighted in the recent literature [16, 17]; resistive

mixers su�er from frequency conversion losses. For this reason, a low-noise

ampli�er (LNA) is introduced as �rst stage of the receiver chains, to com-

pensate the losses and the subsequent added noise. However, since modern

radar architectures make use of a large number of receivers and transmitter

modules [36,37], the presence of the LNAs represents a signi�cant increase in

the overall system cost and complexity [38]. This is even more stringent when

radar classi�cation of UAV is of concern [39�41]. In addition, the realization

of a low-complexity reader for transponder units [42, 43] requires a highly

dynamic receiver with a low count of subsystems. Therefore, the alleviation

of their speci�cations is an open challenging topic.

In view of recent results [44], the problems previously described could

be addressed by introducing GaN-based active mixer topologies that can

provide linearity as well as gain. These considerations lead the authors to

introduce an active DP mixer using GaN technology. In addition, the reduced

complexity of such a mixer topology is considered as a fundamental feature,

given the complexity in modern radar-system architectures.

The gate-pumped con�guration is undoubtedly one of the most investi-

gated among the active single-ended mixers. The latter has been proposed

in a wide range of applications such as wireless communications [45, 46],

high-temperature applications [47], and radar systems [29].

With reference to the previous considerations and speci�cally referring

to radar applications, the use of the DP topology is expected to provide

some important bene�ts as explained in the following. The intrinsic RF-LO

separation, a typical feature for the resistive con�guration, is very relevant for

radar applications given the adjacency between the RF and the LO signal frequencies.

At the same time, the DP mixer topology preserves the CG, which is typical

for the active con�gurations.

A demonstration of characterization and modeling of GaN-based devices

in a mixer-like setup using the drain-driven HEMT was discussed in [48].
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Concerning DP mixers speci�cally, very few were reported in the litera-

ture [21�27,49�51], of which only �ve are single-ended [22,25�27,49].

In [26], it was clearly shown that there is an improvement of both the con-

version gain (CG) and input third-order intercept point (IIP3) with respect

to the increasing level of LO power in CMOS-based technology; nevertheless,

the LO power dynamic was limited to 10 dBm.

Recently, an experimental-based analysis aimed at testing the impact of

the GaN technology on the DP mixer was carried out [33]. In that work,

the experimental data were �rstly extracted from a packaged GaN-based

device, and then elaborated to provide behavioral predictions about its op-

eration as an ideal DP mixer. As expected, GaN technology allows to over-

come the LO power level limitation of CMOS and other III�V semiconductor

technologies, predicting an increase of both the mixer's CG and IIP3. In the

present work, the same device was considered for the design and implemen-

tation of a DP mixer. The mixer was characterized with single-tone and

multi-tone measurements inside the S-band. To the authors' best knowl-

edge, this is the �rst DP mixer in this technology and the �rst DP mixer

operating in the S-band. Among the DP mixers in single-ended topology,

the present work reports both the highest CG and IIP3.

2.1.1 Optimum-Bias Methods for DP Mixers

In the literature, the problem of the optimum bias point in active mixers

is well addressed for the gate-pumped topology, on which studies have also

recently been carried out [52, 53], but only a few works consider the DP

topology. Concerning the gate-side, the general rule for achieving CG in

DP mixers is to bias the device beyond its threshold voltage, and in [24], a

method capable of predicting the bias value for achieving the maximum CG

was proposed. Concerning the drain-side, the general rule for achieving CG

is to set the drain-bias of the device close to the knee-voltage of its output

characteristics, while to maximize it, the �rst Fourier coe�cient of the time-

varying waveform gm(t) has to be maximized. In [26], the coe�cient was

extracted and analyzed, but since it was a passive DP-mixer, the drain-bias

optimization was not conceived. In addition, the extraction was performed

starting from an approximate model. In this work, we propose a method that

extracts the �rst Fourier coe�cient of gm(t) directly from the physical device

and for any desired drain-bias value, thus allowing for an experimentally

based prediction of the optimum bias for active DP-mixers.
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The analysis is inspired by the time-varying Volterra-series analysis [18,

31, 54�56]. This analysis models the e�ect of the LO signal, which is the

source of strongly nonlinear mechanisms, as a time-modulation of the device's

intrinsic elements. As such, the time-domain waveforms of each component

contain information regarding the global operation of the circuit. It is widely

known that this approach is able to obtain very accurate predictions on �eld-

e�ect transistors intermodulations, but at the cost of a considerable e�ort

for the preliminary device parameter extraction [32].

In this work, rather than extracting the waveforms of all the circuit com-

ponents, we extracted the ones of the components that provide the major

contribution to the overall circuit operation. This made the analysis eas-

ier to be implemented, and at the same time, it provides the design stage

with both qualitative and experimental insights. Recently, this approach

resulted into a valuable tool for mixer behavioral predictions due to both

its experimental basis and its simplicity [33, 44, 57, 58]. The analysis of the

present work is an extension of the approach used in [33] since in that case

the Fourier coe�cients were extracted for a single bias value. With respect

to the harmonic-balance algorithm, this method has the following two main

advantages. The �rst is its capability to get deep inside the mixer's conver-

sion mechanism, and the second is that it is based on experimental data,

thus allowing to obtain pseudo-measurements already in the design stage of

the mixer.

2.1.2 DP-Mixer in the Radar Context

Given the perspective of implementation in the context of radar systems,

the mixer was then involved in a radar-like setup, and its operation was

tested in the presence of an FMCW S-band signal. With the purpose of

obtaining a term of comparison, a resistive mixer, which is often a part of

the actual radar system front-end, was designed and fabricated using the

same device. The mixers were compared while operating in the radar setup

and in the same conditions of RF and LO signals. The adopted comparison

criterion was the output IF signal-to-noise-ratio (SNR), of which the DP

mixer showed the highest value, exceeding the passive counterpart by 3 dB.
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2.2 Analysis

2.2.1 Preliminary Behavioral Analysis of DP Mixers

In this section a preliminary DP analysis based on experimental data was

carried out. As �rst, the experimental extraction procedure is described,

and then the results were compared with the ones resulting from the model.

An RF tone of frequency 50MHz was injected at the gate-side while the

power at the drain-side was measured for di�erent VD values. The transcon-

ductance was then derived for each VD value from the ratio between the

output current and the input voltage in the frequency domain, as described

in [59]. Under the assumption of LO matching, the LO power at the port

2 of the circuit in Figure 2.2 is approximately the LO power at the device

drain-side. Therefore, by �nding the analytical function that best approxi-

mates the extracted gm(VD) curve and by assuming a sinusoidal LO source,

the gm(t) extraction is straightforward as reported in the Figure 2.1(b), from

which the �rst Fourier coe�cient was calculated. For each extracted curve,

the algorithm was repeated as the PLO changed.

A DP mixer operating in S-band was designed and simulated by means of

the commercial CAD ADS. The conceptual schematic shown in �gure 2.2 was

the �rst step of the design. Subsequently, the MOMENTUM software was

used with the aim of designing and electromagnetically simulating the whole

circuit layout. The S-parameters of the whole layout were then imported at

the schematic level and used for the harmonic-balance simulations of the DP

mixer.

The results of both the analyzes are shown in �gure 2.3. The gm1(VD) was

extracted for a gate-bias of −2.3V, while in the transistor-model the gate-

bias was set to−2.6V since its input I/V curves was found to be shifted of 3V

with respect to the ones of the physical device. The time-domain waveform

gm1(t) was extracted for a drain-bias of 3.7V, and the transistor-model was

set with this value.

From the Fig. 2.3 we can appreciate that the Gm−1 coe�cient e�ec-

tively governs the CG of the DP mixer. Both the experimental-based and

the model-based analyzes predict the CG to increase linearly up to PLO ≈
20 dBm, after which the rapidity of change increases for a narrow PLO range

and then stops. The harmonic-balance algorithm predicts the CG to reach

10 dB.

These results provided us the motivations for the development of a GaN-
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(a)

gm1 
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LO  sin
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t)
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Figure 2.1: (a): the experimental setup for the gm1(VD) extraction; (b): the

extracted gm1(VD) and the algorithm for the relative time-domain waveform

extraction.
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Figure 2.2: Schematic of the GaN-HEMT fundamental single-ended

DP mixer.
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Figure 2.3: Comparison between the Fourier coe�cient governing the CG of

the DP mixer and the harmonic-balance simulated CG of the DP mixer.

based drain-pumped mixer. The data reported henceforth refer to the Wolf-

speed's CGH40006S GaN HEMT [60]. However, the frequency-independent

feature of the adopted approach makes it also suitable for devices operating

at higher frequencies.

2.2.2 Existing Method for Prediction of Optimum Bias

Point in DP Mixers

The bias optimization methods for DP mixers reported in the literature only

concern the passive con�guration. Since the drain-bias is �xed, the opti-

mization only concerns the device's gate-side. As reported in the literature,

the general rule for achieving CG is to bias beyond the device's threshold

voltage in such a way as to have an appreciable transconductance value. In

particular, as found in [23], there exists a bias value that maximizes the CG,

and it is found by considering the curve g′m as a function of VD, where

g′m =
∂gm
∂VD

. (2.1)

After the extraction of g′m(VD) for various VG values as represented in

Figure 2.4, the optimum VG for passive DP mixers is the one corresponding

to the highest curve for VD ≈ +0.2V, which for the considered device is

VG = −2V.
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Figure 2.4: Simulated g′m as a function of VD for di�erent values of VG.

2.2.3 Proposed Method for Prediction of Optimum Bias

Point in DP Mixers

Gate-Side

Despite it was derived in the case of a passive DP mixer and its employment

only concerns such devices [24, 50, 51], the validity of the method reported

above can be extended to active DP mixers but with some adjustments.

Firstly, the g′m(VD) is extracted for VD beyond the device's knee voltage; for

the device considered in this work, the knee voltage encompasses the region of

+1 < VD < +5V. By looking at Figure 2.4, the existing method would con-

sider the curve at VG = −1.6V as the proper gate-bias since it is the highest

in the VD range belonging to the knee region. However, such bias value would

shift the knee voltage in the positive direction leading to a large LO dynamic

for reaching the maximum CG. This is evident from Figure 2.5a, in which

the device's output characteristics are reported. The second derivative of

each ID(VD) curve, multiplied by a proper scale factor k, was also reported

to help the visualization of the knee region. In fact, ∂2ID/∂V 2
D contributes

only in this region, since both in the linear and in the saturation regions,

the curves ID(VD) are approximately lines. In this work, the VD values cor-

responding to the maxima of each derivative were associated to the device's

Vknee values. The curves in Figure 2.4, as well as the ones in Figure 2.5a,b,

resulted from the DC simulations of the schematic depicted in Figure 2.2;

the device's model was provided by the foundry.

A trade-o� between CG and LO-power consumption is discussed in the
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∂V 2

D
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G

as functions of VG for

a �xed VD = +3V; on the right-axis, the knee-voltage VDknee
is reported.

The VGopt resulted in ≈ −2.65V.
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following. For a better understanding of the concept, we consider a �xed

value of VD belonging to the region of the device's knee voltage, and we

plot the g′m(VG) for such a value, together with the Vknee(VG), as shown

in Figure 2.5b. The value VGopt
representing a good compromise for our

purposes corresponds to the in�ection point of the g′m(VG) function:

∂2g′m
∂V 2

G

∣∣∣∣
VG=VGopt

=
∂2

∂V 2
G

(
∂gm
∂VD

)

∣∣∣∣
VG=VGopt

= 0. (2.2)

Infact, by naming the required LO-voltage as VLOreq , for every VG in the

range [≈ −2.9V, VGopt
], the same ∆VG would increase both the CG and the

VLOreq
by the same ∆CG and ∆VLOreq

, while for VG > VGopt
, the same

∆V ′
G = ∆VG leads to ∆CG′ < ∆CG and ∆V ′

LOreq
= ∆VLOreq

. Therefore,

by biasing the device with such a value, from one side, the CG is achieved be-

cause VG > VTH , and from the other side, the injected LO power is employed

in the most e�cient way. For the device under consideration, it results in

VGopt
≈ −2.65V. It is worth noting that the result of the present analysis

is independent on the chosen VD, since the shape of the g′m(VG) curves is

approximately the same in the considered VD range.

Drain-Side

As already observed in subsection 2.2.1, the CG is directly proportional to its

�rst Fourier coe�cient Gm1 . In [26], a closed form of the Fourier coe�cient

was derived, but it is only valid for passive DP mixers. In fact, it was derived

under the condition of zero drain-bias, resulting in a time-varying waveform

gm(t), approximately a cosine function with 50% of the duty cycle. Since the

mixer of the present work is in the active con�guration, a drain-bias greater

than zero leads to a waveform signi�cantly di�erent with respect to the one

resulting from a zero bias, as shown in Figure 2.1b.

In this work, we propose a method to maximize the �rst Fourier coe�cient

also for active DP mixers, as explained in the following. The results of the

previous analysis led us to consider the gm(VD) curve extracted for VG =

−2.65V. Therefore, the device's gm(VD) was experimentally extracted in

conditions of gate-bias = −2.65V. It is worth noting that the same gm(VD)

curve is useful for the extraction of gm(t) for di�erent drain-bias and LO

power values. For the case of passive DP mixers, the same method can be

applied by �xing the drain-bias at zero and considering only the variation of

the LO dynamic.
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waveform gm(t) as a function of PLO and VD for VG = −2.65V. The pre-

dicted minimum LO power necessary to maximize the coe�cient is ≈
+20 dBm, achievable when the device's drain-bias is set at ≈ +3.5V.

Figure 2.6 shows the results of the proposed method, in which the VD

was varied between +1.5V and +5V and the PLO between +5dBm and

+23 dBm. For each considered VD, the PLO was varied such as to keep

the VLO in the positive region of VD. This choice is due to the fact that

gm(VD) = 0 for VD < 0, and thus, this region is not expected to contribute

to the CG. In addition, the region of gm(VD) around VD = 0 is characterized

by an abrupt change, and as such, the derivatives are expected to present

oscillations, thus potentially increasing the intermodulations. The obtained

results show the existence of a minimum LO power leading to the maximum

Gm1
when the drain-bias is set to ≈ +3.5V. This bias point was adopted

in this work since the main objective was to test the potential of the DP

mixers using GaN technology. The maximum Gm1
in the above conditions

is obtained for PLO ≈ +20 dBm.

Since the results presented in this subsection are based on an experimental-

extraction procedure, a comment concerning the dispersion phenomena that

a�ect GaN-based devices is necessary. The adopted gm extraction procedure

was carried out dynamically both at the gate and at the drain-side, with the

aim of partially reducing both the self-heating and the trap e�ects, which

represent the main causes of dispersion phenomena. In fact, the dynamic of

the RF signal injected at the gate-side was such as to substantially exceed

the threshold voltage, and the drain voltage was set to zero in the tran-
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sition between the values of VD ̸= 0, reproducing a �pulsed-like� scenario.

In the light of the recent e�orts in the characterization of these dispersion

phenomena [61�66], the adoption of a purely pulse-based characterization

technique would provide a more accurate isolation of the dispersion e�ects;

consequently, the method introduced in this work could lead to the identi�-

cation of a more accurate result. However, the adopted extraction procedure

is considered suitable for the purposes of this work.

2.3 DP Mixer Design

Given the high LO power levels involved in the investigation of GaN DP mix-

ers, as con�rmed both by the previous work in [33] and by the analysis of Sec-

tion 2.2,

the GaN-HEMT CGH40006S was considered suitable for this work.

Figure 2.7 shows the topology of the mixer prototype. The DP developed

in this work follows the general circuit topology depicted in Figure 2.2. It

resembles somehow the development of the supply-modulated power ampli-

�er [57], where the main di�erence consists in the device drain-bias, which

was set to a value much larger than its knee voltage, and as expected, the

envelope signal only weakly modulated the device transconductance. In the

present work, the device drain-bias was set lower than the one in [57] and

brought closer to its knee voltage, in such a way that the LO signal strongly

modulates the device transconductance [49]. The RF and LO matching

networks were designed to operate in the S-band. A quarter-wavelength

transmission line was used as both gate-biasing circuit and IF short-circuit.

Capacitors and open stubs were used, where the latter reproduced the in-

ductors operation but with less losses. The two capacitors closest to the

gate- and drain-side, respectively, play the role of both DC and IF-blocking,

as well as contributing to the RF and LO matching. For the extraction

of the output signal (port 3) at the intermediate-frequency (IF), a quarter-

wavelength transmission line was designed. At the same port, the drain-bias

was injected by means of an external bias-Tee.

2.4 DP Mixer Characterization

Figure 2.8a shows the picture of the fabricated circuit, which was imple-

mented in a 20 mil RO4350 laminate. The measurement procedure of the
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Figure 2.7: DP mixer layout in microstrip technology. The design was made

for the operation in the S-band.

mixer was performed as follows. A single-tone characterization was carried

out, during which the CG was measured as a function of the LO power and

frequency for di�erent values of gate-bias, followed by a two-tone characteri-

zation from which the IIP3 value was extrapolated. The experimental setup

is represented in Figure 2.8b. The LO signal was generated by a synthesized

source with the external ampli�er required to get enough LO power, while

the RF signal was generated by an arbitrary signal generator. The output

power was measured by a spectrum analyzer. Finally, the mixer was involved

in a radar setup to demonstrate its operation in an actual context.

2.4.1 Single-Tone Characterization

The DP mixer prototype described in Section 2.3 was �rst characterized with

a drain-bias close to zero with the purpose of proving the limitations of the

existing gate-bias method, as stated in Section 2.2. The passive DP mixer

was chosen for this test since, being VD close to zero, the device's transcon-

ductance only weakly depends on VG, thus keeping the re�ection coe�cient

at the gate-side approximately constant in the considered VG range. This

allows us to perform a consistent comparison between the CG(PLO) curves

obtained for di�erent VG values as reported in Figure 2.9. As it emerges

from the results, the optimum gate-bias value according with the existing
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(a) (b)

Figure 2.8: (a) Picture of the fabricated mixer prototype and (b) experi-

mental setup for CG and IIP3 measurements.

method allows to achieve the maximum CG, but at the cost of a large PLO

of ≈ +29 dBm for the device employed in this work. In particular, it can be

noticed that increasing PLO from +21 dBm to +29 dBm, the CG increases

just over 1dB.

The results of the single-tone characterization for the active DP mixer in

the bias conditions proposed in this work are shown in Figure 2.10a. The DP

mixer reached CG = +10 dB for the PLO value predicted by the analysis,

about +20 dBm, with RF and LO signals at 3.7 and 3.74 GHz, respectively.

The same �gure also reports the Harmonic-Balance (HB) simulation results,

which involve the layout characterization made by an electromagnetic simu-

lator.

2.4.2 Two-Tone Characterization

Under the above conditions of bias and PLO, a two-tone signal of frequencies

3.709± 0.002GHz was injected at the port 1, and its power was swept from

−25 to +8dBm. Figure 2.10b reports the output power at the IF frequency

of 43MHz and the third-order intermodulation product (IMP3) power at

45MHz as functions of the input power. From the curves, an IIP3 value

of about +11dBm was extrapolated. The same �gure also reports the HB

simulation results.

Both the CG and the IIP3 results exceed the values reported so far in
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Figure 2.9: DP mixer's measured CG as a function of PLO with the gate-bias

as parameter and drain-bias +0.2V.

the literature for single-ended DP mixers.

2.4.3 FMCW Radar-Mode Setup

An FMCW radar-mode setup test bench was implemented with the aim to

demonstrate the DP mixer operation in an emulated radar context. Fig-

ure 2.11a shows the conceptual schematic, and the picture in Figure 2.11b

shows the adopted experimental setup. A frequency-modulated signal around

3.7 GHz, represented in Figure 2.11c, was generated by the sweep oscillator

and injected in a splitter. One of the two output ports of the splitter was

connected to the external ampli�er, thus emulating the LO signal, and the

other one was connected to the delay line, thus emulating the return RF

signal.

The adopted setup allowed us to obtain an output IF signal of a few

kHz as explained in the following. The delay line introduced a time delay

of 85 ns, and since the swept oscillator constraints concerning the minimum

raise and fall times of the generated ramp were 10ms and 4ms, respectively,

a frequency-modulated signal of 1 GHz bandwidth was used. In this way,

the IF signals of frequencies about 8.5 kHz and 21.25 kHz were predicted.

Figure 2.11d shows the resulting output spectrum, con�rming the pre-

dictions discussed above. It is worth noticing that the signal at 21.25 kHz

results in more dispersion since it is related to the falling side of the ramp,

which is not perfectly controlled by the instrument.
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Figure 2.10: DP mixer's single-tone and two-tone characterization in the
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Figure 2.11: (a) Conceptual schematic of the radar setup mode; (b) experi-

mental radar setup mode; (c) generated FMCW signal; (d) output spectrum

of the DP mixer.
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2.5 DP and Resistive Mixer Comparison

With the purpose of providing a term of comparison in the radar context,

a resistive mixer was designed and fabricated using the same technology. The

DP and the resistive mixers share the same circuit topology, only di�ering

in the fact that the �rst operates with the RF signal injected at the port

1 and the LO signal at the port 2, and the latter operates with these two

signals exchanged with each other [22,25]. This allowed us to easily perform

a consistent comparison since the same circuit layout of Figure 2.7 can be

adopted for the design of the resistive mixer. Since the drain-bias is zero for

a resistive mixer, a proper capacitor of the drain-side's matching network

was selected in order to optimize the RF matching.

2.5.1 Resistive Mixer Characterization

The CG of the resistive mixer was measured as a function of the LO power

and for di�erent bias values to search for a good compromise between CG and

PLO consumption. The results are reported in Figure 2.12a, and the selected

combination is +16 dBm and −3V for the PLO and VG, respectively. Under

these conditions, a two-tone signal at the same frequencies as for the DP-

con�guration was applied at the port 2. The input power was swept from

−15 to +10 dBm, and Figure 2.12b shows the output IF and IMP3 power

tones as functions of the input power. The measured value of IIP3 was about

+19.5 dBm. As for the DP-mixer, the measurement results were supported

by the HB simulations. The simulation results are not shown in Figure 2.12a

for clarity.

2.5.2 Comparison for Radar-Mode Operation

The resistive mixer was involved in the same radar setup as in Figure 2.11b

and the same ramp as in Figure 2.11c was employed. The output spectrum

of the resistive mixer is reported in Figure 2.13 overlapped with the one

of the DP mixer. The measurements were carried out while the two mixers

operated with the same RF and LO power levels, corresponding to about −18

and +10 dBm, respectively. The above conditions allowed us to carry out

a clean comparison between the two mixers, but they clearly penalized the

DP mixer. Nevertheless, it showed an SNR of +39.7 dB versus the +34.7 dB

of the resistive mixer, demonstrating that it is a valid alternative even in
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Figure 2.12: (a) Measured CG as a function of the LO power with the gate-

bias as parameter for the resistive con�guration; (b) simulated and measured

output power IF and IMP3 tones as a function of the input power for the

resistive con�guration, at gate-bias of −3 V, and LO = +16 dBm.

conditions of lower LO power than its optimal value.

Di�erently from Section 2.4, in which the limitations of the mixer's per-

formance had to be tested and thus its was driven with high LO power

levels, in the present section, the proper operation of the mixer was also

demonstrated in more relaxed conditions of LO. The results could be sig-

ni�cant in view of its implementation for applications with stringent power

requirements.

2.6 Conclusions

In this work, the �rst DP mixer in GaN is presented, showing +10 dB of

CG and +11dBm of IIP3. The high drain-to-source breakdown voltage

of this technology is at the basis of both high gain and high linearity. In

Table 2.1, the state-of-the-art performance of single-ended DP mixers in

terms of gain and linearity is reported, among which this work shows by

far the best performance. A �gure-of-merit aimed to quantify the e�ciency

with which the PLO is employed is reported in the same table. The mixer

was also demonstrated in actual radar setup mode. In both the multi-tone

and radar modes, the DP mixer was compared with the resistive mixer. In

the latter mode, the DP exhibited a better SNR, respectively, 39.7 dB versus

35.7 dB. This component results in a good candidate for radar systems with
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many channels where complexity and performance are of concern.
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Table 2.1: State-of-the-art of single-ended drain-pumped mixers.

Work Tech. Band CG

[dB]

IIP3

[dBm]

VD

[V] Pd

[mW]

PLO

[dBm]

PLO-

CG

[dBm]

[49] GaAs

MES-

FET

X +1.5 - +0.7
17*

+10.5 +9

[27] GaAs

pHEMT

Ku +2.5 0 +1.1
-

+15 +12.5

[26] SOI

CMOS

Ka −4.6 +4 * 0
0

+7.5 +11.6

[25] GaAs

mHEMT

G −7* - +0.2
0.55

+5 +12

[22] InP

HEMT

F −6.5 - 0
0

+6 +12.5

t.w. GaN

HEMT

S +10 +11 +3.5 87 +20 +10

* Estimated from plots.
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Chapter 3

Linearity performance of GaN

and GaAs active gate-pumped

mixers

In this chapter, a detailed analysis of the third-order intermodu-

lation products occurring in a GaN HEMT operating as an active

gate-pumped mixer was presented. As expected, the high drain-to-

source breakdown-voltage of the GaN technology makes the output

conductance contribution negligible to the overall mixer operation.

A comparison in terms of linearity between GaN and GaAs-based

active gate-pumped mixers was then carried out. This was accom-

plished by elaborating the data extracted from the physical devices,

thus allowing for an experimental-based comparison without man-

ufacturing the circuits. 1

3.1 Introduction

The results showed in chapter 2 laid the foundations for pursuing the in-

vestigation on the active mixers. While from the one side the high drain-

to-source breakdown-voltage of the GaN technology allows a larger dynamic

1This chapter was part of the paper published as �A Highly Linear Ka-band GaN-on-Si

Active Balanced Mixer for Radar Applications� in the IEEE Transactions on Circuits and

Systems I: Regular Papers [44].

29
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Linearity performance of GaN and GaAs active gate-pumped

mixers

of the PLO, thus making the drain-pumped mixer achieve better perfor-

mance, on the other side this GaN-feature is expected to also bene�ts the

gate-pumped con�guration. Indeed, in gate-pumped mixers the drain-bias is

commonly in a region of �atness drain-source I/V characteristics, and being

such region more extended in GaN devices with respect to the other tech-

nologies, it is expected that the relative drain-to-source conductance only

weakly contribute to the overall nonlinear mechanism. This fact doesn't oc-

cur in the drain-pumped con�guration, since the drain-bias is close to the

device knee-voltage, leading to a strongly conductance modulation.

Among the active single-ended con�gurations, the gate-pumped is un-

doubtedly the most documented [29, 45�47, 67]. In a recent work, [67], the

trade o� between DC bias and LO power was investigated, and over the

years the mixer was proposed for wireless communications [45, 46], high-

temperature operations [47] and also radar [29]. In particular, in [29] the

mixer implemented a GaN-based device, and the high-linearity feature was

experimentally observed, but without providing any explanation about it.

In this work, we analyze the IMP3 occurring in a GaN-HEMT gate-

pumped mixer as a function of the gate bias and for di�erent values of

the local oscillator power and output load termination. The results of the

analytical analysis, considering only the device nonlinear transconducance,

and the ones of the HB method, considering the complete HEMT foundry

model, were compared to each other.

An analytical method was then adopted for the prediction of the IIP3 of

a GaN and GaAs-based gate-pumped mixer, respectively. The calculations

are based on the data extracted from the two physical stand-alone devices.

The same extraction procedure, as well as the same data elaboration, were

applied in the two cases and the results compared to each other.

3.2 Nonlinear analysis of GaN-based gate-pumped

mixers

3.2.1 Identi�cation of the dominant nonlinear contribu-

tions

It is well known in the literature as a whole that the dependency of the

drain current upon the terminals voltages is the most important nonlinear

contribution in general �eld-e�ect transistor applications [59], [32]. In order
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Figure 3.1: A conceptual schematic for the active mixer, used for the IMP3

analysis.

to enable the analysis of the IMPs in a mixer, we assume a time-varying

small-signal drain current component of id(vg, vd) derived by expansion in

Taylor's series up to third order as follows, [54],

id(vg, vd) =
∂Id
∂Vg

vg +
∂Id
∂Vd

vd +
1

2

[
∂2Id
∂V 2

g

v2g

+
∂2Id
∂V 2

d

v2d + 2
∂2Id

∂Vg∂Vd
vgvd

]
+

1

6

[
∂3Id
∂V 3

g

v3g + 3
∂3Id

∂V 2
g ∂Vd

v2gvd

+3
∂3Id

∂Vg∂V 2
d

vgv
2
d +

∂3Id
∂V 3

d

v3d

]
≡gmvg + gdsvd

+ gm2v
2
g + gd2v

2
d

+ gm1d1vgvd + gm3v
3
g

+ gm2d1v
2
gvd + gm1d2vgv

2
d + gd3v

3
d,

(3.1)

where the time dependence of all coe�cients due to the LO pump has been

dropped, to simplify the notation. The approach we adopted in this work

relies on the time-varying Volterra series analysis, [31].

Unlike resistive mixers, for which cross terms are also important [68], in

active mixers the device drain terminal is normally short-circuited at the

RF and LO signals, thus making the nonlinear transconductance the main

contribution to the drain current. This fact, together with the high drain-to-
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source voltage breakdown of GaN devices, led us to neglect the contributions

coming from the drain-to-source conductance. Limiting our considerations

to the third-order components

vg(t) = vg1(t) + vg2(t) + vg3(t)

v2g(t) = v2g1(t) + 2vg1(t)vg2(t)

v3g(t) = v3g1(t),

(3.2)

taking vgn to be the voltage of the n-th order mixing products, the well-

known device nonlinear third-order drain current is

id3(t) ≈ gm3(t)v
3
g1(t) + 2gm2(t)vg1(t)vg2(t). (3.3)

We are now going to employ a qualitative approach to physically un-

derstand, in down-conversion operation mode, the IMP3 component of our

interest, that is, the one at ωIFIMP3
= 2ωRF1 −ωRF2 −ωLO; with ωRF1,2 be-

ing the angular frequencies of the two RF signal tones applied to the mixer

and ωLO the corresponding angular frequency of the local oscillator. For

this purpose, we rewrite (5.2) in the frequency domain and, using the matrix

form of the convolution product, [31], [69], [55], we obtain

Id3 ≈ Gm3V
(3)
g1 + 2Gm2V

(3)
g1;2, (3.4)

where Gm3, Gm2 are conversion matrices and Id3, V
(3)
g1 and V

(3)
g1;2 are

matrices in which each row contains phasors with a speci�c LO order contri-

bution and each column contains phasors at a speci�c third-order RF mixing

product.

The stronger signals present at the gate terminal are those due to the

excitation, ωRF1,2
, and under the assumption of short-circuit terminating the

drain terminal at RF and LO signals, those at ωIF1,2
= ωRF1,2

−ωLO, due to
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the feedback. This allows assuming that the Id3 component at ωIFIMP3
is

Id3(ωIFIMP3
) ≈Gm31V

(3)
g1 (2ωIF1 − ωRF2)

+Gm30V
(3)
g1 (ωRF1 + ωIF1 − ωRF2)

+Gm30V
(3)
g1 (2ωIF1

− ωIF2
)

+Gm3−1
V

(3)
g1 (2ωRF1

− ωRF2
)

+Gm3−1
V

(3)
g1 (ωRF1

+ ωIF1
− ωIF2

)

+Gm3−2
V

(3)
g1 (2ωRF1

− ωIF2
)

+ 2Gm21V
(3)
g12(2ωIF1

− ωRF2
)

+ 2Gm20V
(3)
g12(2ωIF1 − ωIF2)

+ 2Gm2−1V
(3)
g12(ωIF1 − ωIF2 + ωRF2)

(3.5)

where Gmαk
is the component of the Gmα conversion matrix corresponding

to the k-th Fourier coe�cient of the gmα(t) waveform.

In radar applications, the IF spectrum is normally limited to a few MHz,

leading to the extrinsic drain-to-source resistance Rs being the only feedback

element. In addition, since in the GaN-HEMT state-of-the art processes

this value is normally lower than 1 Ω, the IF components from the mixer

output to the input can be neglected. Such observations lead to a further

approximation for (3.5):

Id3(ωIFIMP3
) ≈ Gm3−1

V
(3)
g1 (2ωRF1

− ωRF2
) (3.6)

which reveals that the term Gm3−1
is the most important for the IMP3

process of the active gate-pumped mixer.

In order to implement (3.6), the ID(VG) curve was evaluated at the

drain section, and the determination of its �rst three derivatives for each

VG was obtained by polynomial �tting. Afterwards, a single-tone Harmonic-

Balance simulation provided the time-domain waveforms at the extrinsic

gate and drain terminals that, together with the knowledge of the deriva-

tives of ID(VG), led to the curves gm(t), gm2(t) and gm3(t). Studying their

Fourier transform coe�cients, the identi�cation of the corresponding conver-

sion matrices Gm, Gm2 and Gm3 is then possible, and so is the subsequent

application of the nonlinear currents method, [59], once provided the term

Id3(ωIFIMP3
). The procedure starting from the evaluation of the waveforms

at the gate and drain was repeated for di�erent VG bias values and for dif-

ferent PLO levels.
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3.2.2 Analysis results

The response of the IMP3 as determined by (3.6) was compared with the

Harmonic-Balance simulations of the circuit in Fig. 3.1 by considering a 8 x

50 µm GaN HEMT, whose model was provided by the foundry. The results

are shown in Fig. 3.2. In the analysis the LO frequency was set at 1 GHz, the

two tone RF signal set at -10 dBm with 1 MHz separation between tones,

and the IF frequency at 10 MHz. The comparison is provided across VG

for two di�erent PLO levels, respectively 15 dBm and -8 dBm, and for two

di�erent load terminations, respectively 5 and 20Ohm. In the same �gure

the converted components are also shown, as provided from the term gm in

(A.1), whose separation from the corresponding IMP3 is more descriptive of

the linearity of the mixer.

From the comparison, as the �rst consideration, we can see the similarity

between the response of the (3.6) with the Harmonic Balance simulation.

The LO frequency of 1 GHz used in the Harmonic-Balance simulations re-

sulted to be the maximum one leading to an accuracy less than 1 dB, thus

demonstrating the accuracy of the assumptions that have led from (A.1)

to (3.6). This con�rms that the GaN-HEMT operates as an active mixer

with great accuracy as a simple nonlinear transconductance under the above

discussed assumptions.

3.3 Experimental-based IIP3 prediction of GaN

and GaAs gate-pumped mixers

With the aim of performing a consistent comparison in terms of linearity

between gate-pumped mixers, implemented in GaN and GaAs technologies

respectively, we have considered two sample HEMT devices whose charac-

teristics are reported in Table 3.1. The �gure of merit adopted for the

comparison is the IIP3.

For this purpose, we adopted the analysis discussed in Section 3.2.1. In

order to identify the term, Gm3−1
, in (3.6), concerning the major contribution

of IMP3, we adopted an experimental procedure aimed at removing the

low-frequency dispersion e�ects that makes unsuitable the di�erentiation

of measured DC data. Indeed, the procedure implemented in the Section

3.2 for the extraction of gm(VG), was replaced by the more suitable one

described in [59]. For this purpose, we applied a single tone at 50MHz with



3.3 Experimental-based IIP3 prediction of GaN and GaAs gate-pumped
mixers 35

(a)

-4 -3 -2 -1 0 1

V
G

 [V]

-100

-80

-60

-40

-20

0

[d
B

m
]

  P
IF

 P
IMP3

(b)

Figure 3.2: Evolution of PIF and IMPs across bias for PLO = −8 dBm

(gray) and PLO = 15 dBm (dark). The lines are time varying Volterra series

analysis results, while the symbols are the harmonic balance results; RF

level -10 dBm, IF frequency 10 MHz and two tones separation 1 MHz, LO

frequency 1 GHz. For the device under consideration, i.e., the GaN-on-Si

D01GH OMMIC process, VG = −1.5 V corresponds to the pinch-o�. In (a)

the IF load was set to 5Ohm, while in (b) it was set to 20Ohm.
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Table 3.1: Characteristics of the GaN and GaAs HEMTs samples adopted

for the linearity comparison

GaAs GaN

process WIN PP10-20 OMMIC D01GH

gate length 100 nm 100 nm

gate periphery 8x25 µm 4x30 µm

power density 1 W/mm(1) 4 W/mm

bias Vds=4 V, Id=0 mA Vds=10V, Id=0 mA

max current Idss=450 mA/mm at 12V Idss=1200 mA/mm at 4V

ft 120 GHz 110 GHz

at 29 GHz(1).

available power level PavdBm
= −7 dBm at the gate terminal of the devices

under test, with the gate bias voltage spanning between -3 V and +0.5 V,

while the corresponding drain output power levels, Prf were measured. This

procedure permits to extract experimentally the dependence of the extracted

gm on VG, by using the relation

gm =

√
Prf

4Pav

1

R2
0

, (3.7)

where Pav and Prf are linear quantities, and R0 = 50Ω is the input and out-

put terminations. In this operation condition, we can assume negligible the

parasitic gate capacitance. Since the gm(VG) shape recalls the Gaussian-like

function shape, the former has been �tted with sum of Gaussian functions,

and the transconductance higher order derivatives were determined analyti-

cally. A similar approach is used in [54] for the nonlinear analysis of active

mixers.

Then, for both the devices, we calculated the time-domain gate waveform

gm(t) and gm3(t) having considered a sinusoidal VG(t) voltage, about a gate

bias corresponding at the pinch-o� voltage, that is −1.75V and −1V for the

GaN and GaAs HEMTs respectively. The knowledge of the time-domain gate

waveform leads to the gm(t) and gm3(t) curves, from which the extraction of

their Fourier coe�cients Gm−1
and Gm3−1

is straightforward. As discussed

in the Section 3.2, the extraction of the Fourier coe�cients was repeated for
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di�erent values of the magnitude of VG(t) as to reproduce the input available

PLO variation. Finally the IIP3 was evaluated by the

VRFIIP3
=

√
4

3

∣∣Gm−1

∣∣∣∣Gm3−1

∣∣ , (3.8)

which relates the IF and the IMP3 components by respectively the terms

Gm−1 and Gm3−1 .

Fig. 3.3 shows the comparison between the IIP3 obtained by applying

the same procedure described above to the two sample devices. These data

assume that both the LO and RF signals are matched to the HEMTs gate

terminal, while the analysis, implicitly, assumes that the devices were ter-

minated with short circuit at both the RF and the LO frequencies, at the

drain terminal; �nally, it is worth to recall that the IIP3 does not depend

upon the termination, as it is a ratio between power levels.

From the above comparison, we can observe that both the devices exhibit

a maximum in the IIP3 versus PLO behavior, while the GaN device reaches

the highest level of 16.7 dBm, the GaAs one reaches the level of 13.3 dBm;

additionally, the GaN device can provide higher linearity when driven by a

larger LO level. This result fully justi�es the motivation of the work as it

represents, at device level, the inherent capability of the GaN devices with

respect to GaAs devices based on a consolidated characterization technique.

As a �nal remark we have to consider that the estimated IIP3 from Fig.

3.3, does not consider the e�ect of input combiner losses at high frequency

and the RF power splitting among two or more devices. These are normally

present in experimental mixer prototypes and lead to a signi�cantly increase

the overall IIP3 behavior.

3.4 Conclusions

The IMP3 analysis revealed that, as expected, the device transconductance

is by far the main contribution in the nonlinear mechanism of GaN gate-

pumped mixer. A subsequent analysis based on experimental data allowed

to perform a comparison between GaN and GaAs-based active gate-pumped

mixers in terms of linearity. The same procedure of data-extraction and an-

alytical calculations on both the devices revealed that the GaN is capable

of reaching IIP3 values higher than the GaAs counterparts. This work pro-

vides the theoretical foundation for the development of a GaN HEMT active
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Figure 3.3: Experimental IIP3 versus PLO comparison between GaAs and

GaN HEMTs.
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Chapter 4

A highly-linear active GaN mixer

for radar applications

In this chapter, a highly linear active mixer in Gallium Nitride

on Silicon (GaN-on-Si) monolithic microwave integrated circuit

(MMIC) technology, operating in Ka-band for radar applications

is introduced. It exhibits a LO balanced topology of gate-pumped

mixers based on HEMT and operates in down-conversion mode.

Its design principles and the theoretical foundation of its linear-

ity features resulting from both the high power handling capability

of GaN-on-Si HEMTs and the corresponding high applied LO

level are presented. An extensive characterization based on exci-

tation of a prototype by broadband continuous wave signals and

frequency modulated continuous wave signals validates both the

analytical treatment of its linearity and the design of the proto-

type of the mixer. In the 35�40 GHz operating band, this proto-

type exhibits a state-of-the-art input referred third order intercept

point that reaches 39.1 dBm, and a maximum input referred sec-

ond order intercept point of 39.4 dBm, with a a corresponding

conversion gain of -5.2 dB, and LO level of 24 dBm. 1

1This chapter was part of the paper published as �A Highly Linear Ka-band GaN-on-Si

Active Balanced Mixer for Radar Applications� in the IEEE Transactions on Circuits and

Systems I: Regular Papers [44].
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4.1 Introduction

The results in terms of SNR obtained by the comparison conveniently carried-

out between drain-pumped and resistive GaN mixers, as shown in chapter 2,

led us to consider the active con�guration for the development of a mixer for

radar applications. The active gate-pumped con�guration was then consid-

ered, as to exploit the GaN high drain-to-source breakdown-voltage in such

a way as to make the mixer generate reduced intermodulation products, as

discussed in the Section 3.2 of the chapter 3. Then, the higher linearity

reached by the GaN-based gate-pumped mixer with respect to the GaAs-

based one, as predicted by the experimental-based analysis of section 3.3 of

chapter 3, �nally laid the foundations for the development of a highly-linear

GaN active mixer for radar applications.

The mixer was designed to operate in the Ka-band. A balanced structure

was adopted, as to both improve the isolation and to cancel out the second-

order intermodulation products, while a high-dynamic PLO was employed

for the additional reduction of the IMP3. The phenomenon concerning the

IMP3-reduction when the PLO increases has been shown in the literature

for di�erent classes of mixers, but only a heuristic explanation has been

given, [18], [19]. In [20] was introduced a closed formulation describing the

relation of the input referred IIP3 with the PLO, but without providing

any analytical treatment. In [18], the drop in the levels of the IMPs with

increased PLO is related to the shorter transition between the device's ON

and OFF states as the PLO increases. In this work, for the �rst time is

provided, by using the time-varying power-series approach, an analytical

explanation for the decrease of IMP3 when the PLO increases.

4.2 Theoretical foundations on the impact of

LO on linearity

The dependency of the IMP3 in an active mixer can be conveniently observed

by running Harmonic-Balance simulations of the mixer schematically shown

in Fig. 3.1 by considering ideal passive components and the 8×50µm 0.1 um

GaN-on-Si HEMT device model available in the OMMIC foundry process

design kit. In particular, we focused our attention on the IMP3 levels result-

ing from the application of local oscillator signals at di�erent power levels,

PLO, and frequencies. In addition, we considered the response for di�erent



4.2 Theoretical foundations on the impact of LO on linearity 41

IF load terminations: for each of the cases we applied two RF tones spaced

at 1 MHz, with total power level of -10 dBm, and center IF frequency set

to 10 MHz. The four considered cases result from the combination of two

di�erent IF load terminations, namely 20 Ω and 50 Ω IF load terminations,

and two LO frequencies, namely 1 GHz and 38 GHz. A comparison of the

IMP3 power level versus PLO is provided in Fig. 4.1. As expected, their

trends highlight a generalized decrease of the IMP3 level, for all the consid-

ered cases, from which we can conclude that the main mechanism responsible

for the decrease in the IMP with increasing PLO remains unchanged with

di�erent load terminations and LO frequencies.
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Figure 4.1: Harmonic balance simulations of IMP3 power level as a function

of PLO for gate-pumped GaN-HEMT mixer; the bias point is VDS = 10 V,

VGS = −1.6 V.

Considering the results of the chapter 3, this result allowed us to consider

only the device transconductance for the following analysis without harming

in generality, thus signi�cantly simplifying the discussion.

By inheriting the work of transconductance-extraction performed in the

chapter 3, we consider the gm3(VG) shown in Fig. 4.2a, and the correspond-

ing time domain evolution of the gm3(t) as a function of the PLO, shown

in Fig. 4.2b at three di�erent gate bias voltages about the device pinch-o�.

From the latter picture, we can observe that gm3(t) exhibits signi�cant sym-

metries, which play a key role in the corresponding generation of the minima

and maxima of the IMP3. Considering �rstly the case at LO level -8 dBm,

which is the graph at the top of Fig. 4.2b, we can see that biasing the gate at

the pinch-o� maximizes the amplitude of gm3(t), and leads the waveform to
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have a half-wave symmetry, that is, gm3(t + T/2) = −gm3(t), with T being

the period of the LO waveform. This causes its odd Fourier coe�cients to be

maximized, among which is Gm3−1
, whose dependence on the bias is repre-

sented in Fig. 4.2c. In contrast, by shifting the gate bias of ±0.2 V about the

pinch-o�, the generated waveforms exhibit lower amplitudes and get closer to

the opposite symmetry gm3(t+T/2) ≈ gm3(t), leading the coe�cient Gm3−1

to be minimized. This behavior is consistent with that already observed in

Fig. 4.1, where we can see that the IMP3 does not show signi�cant variation

up to LO of a few dBm, beyond which a di�erent mechanism occurs instead.

For PLO = 4 dBm the gate bias at the pinch-o� leads the time-domain

waveform at the extrinsic gate side to capture the whole variation of gm3

versus VG in Fig. 4.2a, thus providing the gm3(t) waveforms shown in the

middle graph of Fig. 4.2b with respect to di�erent gate biases. A further

increase in PLO makes the corresponding gm3(t) resemble single-cycle tone

bursts, with progressively shorter duration of the burst, as shown in the

graph at the bottom of Fig. 4.2b for a PLO level of 15 dBm.

Giving gm3(t) of Fig. 4.2b, the following approximation permits capturing

the dependence on PLO > 4 dBm

gm3(t, a) ≈ A · 0.2sin(2π 2

T
a(t− T/4))

−B · 0.2sin(2π 2

T
a(t− 3T/4)),

(4.1)

where a ∝ PLO is the ratio between the period and the duration of the signal

and A and B rect(a(t−T/4)
T/2 ) and rect(a(t−3T/4)

T/2 ) respectively, we obtain

Gm3−1
(a) ≜

1

T

∫ T

0

gm3(t, a)e
j2π 1

T t dt

=
−4a · sin(π/2a)
5π(−1 + 4a2)

(4.2)

from which we can observe that as the PLO level increases, the numerator of

(4.2) tends to be independent of a, making it evident that Gm3−1
decreases.

The Fig. 4.2c shows a comparison of the coe�cient Gm3−1
for the PLO

level investigated and di�erent biases. From the picture is evident that for

a PLO level of 15 dBm, the behavior is signi�cantly �at and has the lowest

average among those analyzed.

We can brie�y discuss that following an analogous derivation, we can

easily derive the term Gm−1
, which governs the IF component; its behavior
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Figure 4.2: Behavior evolution for parameters responsible for the third-order

intermodulation, for di�erent local oscillator power levels at Vds = 8 V.
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is shown in Fig. 4.3. The parameter does not decrease as does IMP3 because

the shape of gm(VG) (cf. Fig. 4.3a) has a larger linear region than that

of gm3(VG) (cf. Fig. 4.2a). On the other hand, the behaviors shown in

Fig. 4.3 are consistent with the general trend of the IF component across

VG of Fig. 3.2. From its shape we can see that it increases together with a

greater �atness, over a wider range of bias for a PLO level of 15 dBm than

for the one for -8 dBm.
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and 15 dBm (solid)

Figure 4.3: Behavior evolution for parameters responsible for the conversion

gain, across VG, and for di�erent local oscillator power levels at Vds = 8 V.

Repeating the above analysis about the terms Gm−1 and Gm3−1 versus

the drain voltage VD, we can observe a general increment of Gm−1 , and a

reduction of Gm3−1
, as PLO increases. Thus focusing our interest on PLO

= 15 dBm we derived the behavior shown in Fig. 4.4. From the curves we

recognize a rather �at behavior above 2 Volt, while sharply roll-o� to zero
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as VD approaches zero. This should not be surprising, because this analysis

corresponds to an active mixer with the RF signal applied to the gate, and

thus signi�cantly di�erent from a resistive mixer topology. The analysis

thus justi�es the adoption of a drain bias in excess of 5 V, and following

a conservative approach we came to the conclusion to adopt 8 V as bias

voltage.
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Figure 4.4: Analysis of Gm−1
and Gm3−1

versus drain voltage at PLO = 15

dBm, and Vgs = -1.5 V.

This conclusion motivates the development of a balanced mixer capable

to deal with a high PLO level in order to minimize the generation of the

IMP3, which can be seen as false targets in radar applications.

4.3 MMIC Double-balanced GaN-based gate-

pumped mixer

4.3.1 Design

The IMP3 analysis carried out in 3 motivated the development of the GaN-

HEMT based gate-pumped active linear mixer, which provides reduced con-

version losses, or even a conversion gain, while the injection of a large PLO

level, provides very low IMP3. A balanced architecture can e�ectively cancel

the residual second-order IMPs, thus leading to a highly linear active mixer

architecture suitable for radar applications. The block diagram of the bal-

anced active mixer is shown in Fig. 4.5; it consists of a pair of gate-pumped

active mixers LO driven by a balun, while the RF signal is fed by a 3-dB
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Figure 4.5: Schematic diagram of the balanced active mixer

splitter. In this design, the balun is implemented by a pair of balanced Lange

couplers, thus forming a Marchand topology.

This topology ensures the LO - RF isolation, due to the combined func-

tions of the LO balun and the RF splitter. A typical value of RF to LO and

LO to RF isolation in excess of 35 dB is expected.

Two additional 3-dB splitters combine the LO and RF signals to both the

device gate terminals. A low-Q pi-network at the gate terminal matches the

LO and RF signals in the design frequency band, [70], at the design mixer

input PLO level of 24 dBm.

The second lumped network implemented in the active mixer consists on

a pi-network low-pass �lter, whose tasks are multifold. The �rst is to provide

a short circuit at the drain terminal at the LO frequency, this is important

as explained in Section 3.2.1 because it permits canceling the drain�source

conductance modulation and reducing the feedback from the device output

terminal to input, thus signi�cantly reducing the IMPs. The dynamic load

line is shown in Fig. 4.6, superimposed on the static I/V characteristics,

where we can observe that id(t) versus vds(t) develops mainly in the vertical

direction, and where the main dynamic e�ect is due to the LO signal while

a minor variation is expected from the RF signal. The same �gure also

shows the dynamics at the gate terminal, where the drain current is plotted

versus vgs; in this latter case the design should avoid the forward bias of the

gate-to-source junction for the sake of reliability. In addition, the network

should provide a low-pass transfer function and thus remove the residual LO

and RF signals, in this implementation it is of the third order achieved by

lumped elements. The �lter also embeds a 50 Ω termination and provide DC-

coupling with the output terminal. This latter is for the purpose of detecting
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very low IF frequencies resulting from short-range radar applications.

In accordance with the assumptions of Section 3.2.1, the IF load is re-

alized by a 20 Ω resistance, and is included in the drain bias line. This

value is a trade-o� between the requirement already discussed and the mixer

gain, which turns out to be inversely dependent on the termination. Fi-

nally, a R = 10 Ω shunt resistor is inserted at the mixer input, this provides

DC-coupled IF termination and controls the input referred noise voltage.

Figure 4.6: Output and input trajectories, id vs vd and vg, superimposed on

the static I/V characteristics; PLO = 24 dBm at 37.5 GHz, RF power level

-10 dBm and IF frequency 10 MHz.

4.3.2 MMIC Prototype of the proposed mixer

The OMMIC HEMT GaN-on-Si 100 nm process (D01GH) was adopted for

the development of the mixer. In addition to the data provided in Table 3.1,

the device technology features a maximum oscillation frequency of 180 GHz,

a breakdown gate-drain voltage of 36 V, a transconductance of 800 mS/mm,

a noise �gure of 1.5 dB at 40 GHz.

A photograph of the MMIC prototype is shown in Fig. 4.7.

The drain bias voltage is 8 V with 20 mA of quiescent current, the DC

current absorption reaches 160 mA with the PLO level set to 25 dBm and

RF power level at 10 dBm.
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Figure 4.7: Photograph of the balanced mixer prototype chip

4.4 Experimental Validation

In this section we present the characterization data of the prototype de-

scribed in Section 4.3.2. It consists of calibrated broadband measurements

of the large signal two-tone single-ended and balanced performance and the

emulation of the radar mode.

4.4.1 Single tone broadband characterization

The �rst set of data concerns the measured conversion gain in di�erential

mode, de�ned as CG = mag(IF+ − IF−)/mag(RF ), within the design fre-

quency band and for a constant IF of 10 MHz. The CG data are presented in

Fig. 4.8, along with the e�ective PLO level driving the LO port of the mixer

and the simulated response. Although the PLO level is signi�cantly lower

than the nominal one (i.e. 24 dBm), because of the limitations imposed by

the source of the vector analyzer, it provides signi�cant information about

the broad band capability of the mixer. From the data we can observe a

maximum gain of -3 dB, which reduces proportionally with the LO power.

The simulated CG, reproduced at the same LO injection levels across the

band, provided comparable data as shown in the graph. In addition, accord-

ing to the graphs in Fig. 4.3b, which show the term Gm−1
responsible for
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the CG, we can observe that about the pinch-o� the CG remain constant for

PLO levels in excess of 4 dBm. Thus it is to be expected that a maximum

conversion loss of about CG= −4 dB would be the one at the nominal LO

level; an expectation con�rmed in Section 4.4.2.

About the RF to LO and LO to RF isolation, it was estimated by mea-

surements in excess of 38 dB at the RF and LO ports across the bandwidth.

Figure 4.8: Measured CG with calibrated 4-port VNA operating in mixer

vector mode (left y-axis) and corresponding actual LO power (right y-axis)

versus frequency; simulated CG shown for the same LO power.

4.4.2 Two-tone characterization

Fig. 4.9 presents the measured data in single-ended con�guration.

For this purpose, a signal source with sweeping power was connected to

the mixer RF port, a second source of 24 dBm nominal power was connected

to the LO port, while the IF+ was connected to a spectrum analyzer; at

this stage of the characterization, the port IF− was 50 Ω terminated. The

frequencies of analysis are such that the LO and RF swept in the range 35�

40 GHz, keeping constant the IF center at 2.6 MHz, with the two RF tones

spaced by ∆IF = 1 MHz.

The experimental data are presented in Figs. 4.9a and 4.9b, along with

the corresponding simulated data for LO frequency at 35 GHz, and ∆IF = 1

MHz. The two �gures show the same converted data for the sake of a better

comparison with the IMPs and to allow the estimation of the intercept points.

As the �rst consideration, we can estimate the second-order input intercept
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(a) IMP2 and down-conv. signals

(b) IMP3 and down-conv. signals

Figure 4.9: Two-tone test at LO frequencies of 35, 37.5 and 40 GHz, power

24 dBm. Signals were measured at IF+, for center IF = 2.6 MHz, and RF

two-tones o�set ∆IF = 1 MHz.
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points to be IIP2 = 28.2 dBm, while the third-order input intercept points

are IIP3 = 39.1 dBm at 37.5 GHz. The simulated data provides very accurate

estimations of both the conversion gain and the intercept points.

The conversion gain at 37.5 GHz from the data turns out to be a value of

-5.0 dB which is consistent with that measured by the calibrated VNA and

shown in Fig. 4.8.

(a) IF+ port

(b) IF- port

(c) Di�erence between signals acquired from IF- and IF+ ports.

Figure 4.10: Signal spectra IF+ and IF-, acquired by a digital oscilloscope.

RF = (37.5026 ± 0.0005) GHz, LO = 37.5 GHz; LO: 24 dBm, RF: 8 dBm

Some insight into the two channel balance and its e�ectiveness for the

cancellation of even-order IMPs will now be discussed. In fact, the two

tone test permits verifying the e�ective balance between IF− and IF+ and

the ability of the proposed architecture to provide a highly linear mixer

performance, by canceling the residual IMPs not minimized by the operation

of the active mixer when driven by a large PLO. Considering the case of two

tones at RF1=37.5021 GHz and RF2=37.5031, with LO = 37.5 GHz and
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Table 4.1: Performance summary versus frequency two-tone test, IF =

IF− − IF+; with PLO = 24 dBm, IF= 2.5 MHz and referred to IMPs

RF1−RF2 = 1 MHz and 2RF2−RF1− LO = 1.1 MHz

frequency (GHz) 35.0 37.5 40.0

CG (dB) -4.1 -5.0 -5.2

P-1dBm(1) 18.1 17.0 17.2

IIP2 (dBm) 37.6 38.2 39.4

IIP3 (dBm) 38.7 39.1 39.8

(1)P-1dBm is estimated.

RF power level of 8 dBm for each tone, and LO power of 24 dBm, Fig. 4.10

presents the spectra of the two IF outputs acquired by a two channel scope. It

is worth noting that the two spectra exhibit a signi�cant amount of IMPs, cf.

Figs. 4.10a�4.10b, namely, they are: RF1−RF2 = 1 MHz, 2RF2− 2LO =

4.2MHz, RF1+RF2−LO = 5.2MHz, and 2RF2−2LO = 6.2MHz. All the

previous listed even order IMPs become negligible by taking the di�erence

between the two traces, IF− − IF+, as shown in Fig. 4.10c. From the same

�gure we observe that the third order IMPs, namely 2RF2−RF1−LO = 1.1

MHz and 2RF1−RF2− LO = 4.1 MHz, are both below the noise.

A summary of the two tone test characterization, considering the two

combined IF signals, is presented in Table 4.1 with respect to the IMPs

RF1−RF2 = 1 MHz and 2RF2−RF1− LO = 1.1 MHz.

4.4.3 Radar operating mode

A �nal test considered the mixer in actual radar set-up mode. For this pur-

pose a 5 dBm linearly swept signal with 1.5 GHz of bandwidth was generated

about 37.5 GHz, the ramp-up time was 4 ms, while the ramp-down duration

was set at 10 ms. This generated chirp signal was split and sent to both

the LO and RF ports, the �rst through a power ampli�er capable of driving

the mixer at 24 dBm, while the RF port was fed through a delay line, cf.

Fig. 4.11. The delay line introduces 20 dB of losses and 4 ns of delay. The

result of the characterization is shown in Fig. 4.12a, where the chirp enve-

lope and the resulting IF signals are shown. In particular, the two individual

traces IF− and IF+ and their combination (IF− − IF+) are also shown.
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From the �gure we can clearly recognize the change of the IF frequency in

correspondence with the ramping-up and the ramping-down envelope and

the cancellation of the common mode signal. Fig. 4.12b shows the IF sig-

nal in the frequency domain, by which we can observe the almost negligible

presence of spurious signals.

oscilloscope

Figure 4.11: Measurement set-up with chirp signal emulating the radar

mode.

Table 4.2: Performance summary of reported HEMT GaN mixers

REF RF(GHz) Topology CG(dB) P1dB(dBm) IIP3(dBm) IIP3-PLO(dB)

[9] 26-31 s.e. resistive -11 11 22 12

[10] 26-40 bal. resistive -9 15 28 20

[71] 32-50 s.e. resistive −11(3) 8.5(3) - -

[17] 26-30 s.e. resistive -11 10 20(1) 10

[72] 75-81 s.e. active -7.5 13 - -

[73] 2-4.8 bal. Gilbert 9.3 -5 - -

[74] 1.55-1.9 s.e. resistive -9.5 11 27 13

[75] 3.2-5.1 diode pair -15.3 7 17 5.6

[76] 6-18 s.e. resistive -10.5 - 30(1) -

[77] 10-12 s.e. resistive -7 - 30 7

[78] 13.75-14.5 diode pair(2) -25.4 4.8 - -

[79] 3-40 bal. resistive -7 22 32(1) 5

t.w. 35-40 bal. active -5.0 17.0(1) 39.1 15.1

(1) estimated; (2)single side-band (SSB) subharmonically pumped (SHP);
(3) in down-conv.
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(a) IF+ and IF− signals acquired by oscilloscope, their di�er-

ence IF+ − IF−, and modulating ramp signal for chirp gener-

ation.

(b) Spectrum of the di�erence between output IF signals,

IF+ − IF−

Figure 4.12: Experimental results emulating the radar operation mode, by

the set-up of Fig. 4.11

4.5 Conclusions

The present work has introduced an active balanced mixer operating in Ka-

band developed in GaN-on-Si monolithic microwave integrated circuit tech-

nology. A prototype of the mixer was extensively characterized in broadband

single- and two-tone tests across the 35�40 GHz band. With a PLO of 24

dBm at 37.5 GHz, it has exhibited a down conversion maximum conversion

gain of - 5.0 dB, a second-order input intercept point of 38.2 dBm, and an

third-order input intercept point of 39.1 dBm, at IF = 2.5 MHz .



4.5 Conclusions 55

In the recent literature, the development of GaN HEMT-based mixers has

been addressed, mostly adopting a resistive topology, with a few realizations

adopting active topologies. A comparison between the results introduced

by this work and the corresponding state of the art was presented in Table

4.2. From the data we can observe that the proposed mixer outperforms the

previously reported data in terms of its linearity and conversion gain, while

the work presented in [10] exhibits the highest linearity e�ciency.
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Chapter 5

A highly-linear GaN SMPA for

wireless communications

In this chapter, a nonlinear analysis of a GaN HEMT SMPA

based on the time-varying power series approach is presented. For

this purpose, the SMPA operation is described as a drain mixer,

in which the envelope signal plays the role of the local oscilla-

tor. The proposed analysis predicts the internal cancellation of

intermodulation products, determined by nonlinear contributions

occurring in the SMPA and identi�es the responsible terms. The

approach is based on the extraction of the requested parameters

from dynamic I/V characteristics. This analysis is validated ex-

perimentally by a GaN HEMT SMPA operating at 3.8GHz de-

veloped for this purpose, reporting a decrease of third-order in-

termodulation products in excess of 30 dB. 1

5.1 Introduction

In modern wireless communication systems, the high peak to average ratio

exhibited by digital modulation techniques, forces the PA to operate in back-

o� regions, with consequent poor e�ciency performance. Techniques such as

load-modulation and supply-modulation have been widely implemented to

1This chapter was presented as �A Mixer-Like Nonlinear Analysis for GaN HEMT

Supply-Modulated Power Ampli�er at 3.8 GHz� at the 17th European Microwave Inte-

grated Circuits Conference (EuMIC) [57].

57
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VG

50Ω

VRF1,2
(t)

H.P. filter

L.P. filter

50Ω

−
+ VD

Venv(t)

50Ω

Vout

Figure 5.1: Conceptual schematic of SMPA as three-port device.

overcome this problem. This work focuses on the supply-modulation tech-

nique applied to PA (SMPA), for which the linearity behavior has been mat-

ter of discussion in the last decade [80�86]. Since then, it was demonstrated

that the supply modulation has to be treated as a dynamic signal [87], the

idea to describe SMPA behavior as a mixer-like operation has been intro-

duced and discussed [30, 88]. Starting from this assumption, a simpli�ed

version of the small-signal/large-signal method, that is a canonical tool for

the mixers [18, 31, 54, 70], is applied to SMPA analysis. This method mod-

els the strongly-nonlinear circuit as a weakly-nonlinear system in which the

e�ect of the large signal are modeled as a modulation of the Taylor-series

expansion coe�cients of the device drain current. Unlike harmonic-balance

algorithm, this method allows to details the inter-modulation distortion pro-

cess within the device and, as a consequence take into account the most im-

portant nonlinear contributions. Furthermore, it is widely known that this

approach is able to get accurate predictions on �eld-e�ect transistors IMPs

but at the cost of a considerable e�ort for the preliminary device parameters

extraction [32].

In this work, we show that the method is able both to get predictions

of the internal cancellation occurring in SMPAs, and to evaluate the single

responsible terms with the only knowledge of the device I/V curves.
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5.2 Analysis

5.2.1 The SMPA mixer-like operation

Starting from the assumption that an SMPA can be modeled as a three-port

mixer like device, this leads to describe the low-frequency supply modulation

as a Venv signal, while the ampli�er input and output signals are associated

to the VRF and Vout respectively. In this work an SMPA with a two-tone

input signal VRF1,2
of frequency ω1, ω2 and the supply modulation Venv at

the third port is considered, as shown in �gure 5.1. By considering the input

signal as a modulated signal

VRF1,2
(t) = k(cos(ω1t) + cos(ω2t))

= 2kcos(
ω2 − ω1

2
t)cos(

ω2 + ω1

2
t),

(5.1)

where k is the amplitude of each tone, it is known that by injecting a Venv

signal of frequency (ω2−ω1)/2 the e�ect is the maximization of the ampli�er

e�ciency and as a consequence, the behavior is that of an envelope-tracking

power ampli�er. Similarly it was observed that injecting a signal at ω2 −
ω1 the results can be an improvement in SMPA linearity by means of a

destructive interactions with the third-order inter-modulation distortion tone

at the frequency 2ω2 − ω1 internally generated.

We hereby, derive a simpli�ed version of the small-signal/large-signal

analysis to predict the occurrence of the internal cancellation in an SMPA.

In this three-port scenario, the assignment of the large-signal role to the

supply-modulation leads the SMPA to be viewed as a drain mixer, with a

drain bias VD, such as to operate in a region of �atness I/V output charac-

teristics. It is worth noting that the low-frequency characteristic of the Venv

signal, prevents its leakage towards the gate terminal, providing an e�ect

similar to that of the well known local-oscillator short-circuit at the gate

side of the drain-mixer. As it is demonstrated hereinafter, this choice shows

positive e�ects also in terms of e�ciency.

5.2.2 Pseudo drain-mixer intermodulation products

In such operating conditions the most important nonlinear contribution to

the IMPs, of our pseudo drain-mixer is the device trans-conductance. Since

the aim of the work is to demonstrate the ability of the proposed technique

to predict the occurrence of nonlinear phenomena with the only knowledge
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gm1(t)vg(t) gm2(t)v
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(t)

+

vg(t)
-

Rd

50Ω
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Figure 5.2: Equivalent circuit of the schematic depicted in 5.2 for the time-

varying power series analysis. The third port has been omitted since its

e�ect is modeled by the time-varying transconductances.

of the device I/V characteristics, the intrinsic reactive components have been

neglected. From the equivalent circuit of Fig. 5.2, the output drain current

can thus be written as

id(t) ≈ gm1(t)vg(t) + gm2(t)v
2
g(t) + gm3(t)v

3
g(t) (5.2)

where gm1(t), gm2(t) and gm3(t) are time-dependent, since they are mod-

ulated by the Venv signal. We have to reformulate (5.2) in the domain

frequency to make evident the fundamental harmonics at ω1, ω2 and the

third-order ones at 2ω1 − ω2, 2ω2 − ω1. For simplicity, we show the analysis

only for the right side of the output spectrum since the procedure is iden-

tical. By rewriting (5.2) in frequency domain and using the matrix form of

the convolution product, we obtain

Id ≈ Gm1Vg +Gm2V
(2)
g +Gm3V

(3)
g , (5.3)

where Gm1, Gm2, Gm3 represent the conversion matrices and Vg, V
(2)
g and

V
(3)
g the matrices of phasors of the vg(t) signal [31]. The components of Id

at ω2 and 2ω2 − ω1 are respectively

Id(ω2) ≈ Gm10Vg(ω2) +Gm11Vg(ω1)

+Gm31V
(3)
g (ω1) +Gm32V

(3)
g (2ω1 − ω2)

(5.4)

and

Id(2ω2 − ω1) ≈ Gm30V
(3)
g (2ω2 − ω1)

+Gm11Vg(ω2) +Gm31V
(3)
g (ω2)

+Gm12Vg(ω1) +Gm32V
(3)
g (ω1)

(5.5)
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where Gmαk
is the component of the Gmα conversion matrix corresponding

to the k-th Fourier coe�cient of the gmα(t) waveform. In both the (5.4) and

in the (5.5), it is possible to identify the terms whose contribution is mostly

due to the static bias VD, that can be approximated with the ones with the

subscript k = 0, from those due to the presence of Venv, which are termed

by k ̸= 0. We can thus write (5.5) as

Id(2ω2 − ω1) ≈ Idamp(2ω2 − ω1) + Idenv (2ω2 − ω1) (5.6)

In (5.6) we recognize the sum of two contributions, being the �rst gener-

ated internally while the second induced by the dynamic supply.

5.2.3 Conversion matrices extraction

The implementation of (5.4) and (5.5) requires the extraction of the con-

version matrices. From the same equations we note that the second order

conversion matrix does not contribute to the terms of our interest, thus it

can be neglected. In order to extract the conversion matrix an automated

procedure was implemented. The measures were carried out on a test circuit

containing the stand-alone device with a proper set of bias-T. For this task

the device under characterization is the Cree GaN HEMT CGH60004S .

Firstly the drain bias-dependent transconductance and its derivatives

have been extracted, while the bias voltage was kept �xed where the transcon-

ductance peaks, about −1.6V. This extraction procedure is dynamic as to

avoid traps and self-heating e�ects and follows the one explained in [59].

A low-frequency tone has been injected in the single device and the power

of the �rst and third harmonics has been measured for di�erent drain-bias

values. The application of the nonlinear current method then leads to the

extraction of gm1(VD) and gm3(VD) reported in Fig. 5.3. Knowing Venv(t),

the evaluation of gm1(t), gm3(t) and thus of Gm1, Gm3 is straightforward.

5.2.4 Analysis results

The Fig. 5.4 shows a contour plot reporting the values of the P (2ω2−ω1) as

function of Venv magnitude and VRF2 phase. The plot reveals the presence

of a minimum, for Venv magnitude of about 8.3V and VRF2 phase value of

63◦. The VD is set at 20V.

The Fig 5.5 shows the contributions of Pamp(2ω2−ω1) and Penv(2ω2−ω1)

in relation with P (2ω2 − ω1). When the cancellation occurs, P (2ω2 − ω1)
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Figure 5.3: Extracted gm1(VD) and gm3(VD)

decreases of more than 30 dB with respect of the non applied Venv condition.

The cancellation is con�rmed by the polar plot of Fig. 5.6, in which the

two contributions Idamp
and Idenv

show to have opposite phase and equal

magnitude when the VRF2
input phase is 63◦ and the Venv magnitude is

8.3V.

The analysis results also report that, as might be guessed, the minimum

occurs for di�erent Venv if the input power varies. In fact, if the input power

increases the minimum occurs for higher Venv and vice-versa. It is worth to

mention that being the Venv limited up to 10Vpp (instrumentation limit),

the applied input power was the maximum one for which the cancellation

still occurs and the shape of the intermodulation is appreciable. Both the

analysis and the measurement were performed following this criterion.

5.3 Experimental results

5.3.1 SMPA fabrication and measurements

An SMPA operating in 3.4 ÷ 3.8 GHz based on the same characterized de-

vice in the extraction procedure was designed, fabricated and characterized.

The picture of the developed SMPA prototype is shown in Fig. 5.7. The

measurements setup aimed at the search of the inter-modulation minimum

is illustrated in Fig. 5.8. The setup involves the use of an driver ampli�er,

along with arbitrary waveform generators for both the synthesis for the two

tone input signal, with arbitrary phase relations, and the envelope signal of

arbitrary amplitude.
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Figure 5.4: Third-order IMPs P (2ω2 − ω1) in dBm as function of the phase

of the input signal VRF2
and the Venv. We can see the minimum occurring

for Venv = 8.3V and phase = 63◦.

Figure 5.5: Pamp(2ω2−ω1), Penv(2ω2−ω1) and their composition P (2ω2−ω1)

as function of Venv for phase = 63◦.
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Figure 5.6: Idamp(2ω2 − ω1), Idenv (2ω2 − ω1) and their sum Id(2ω2 − ω1) for

Venv = 8.3V and phase = 63◦.

A two tone signal of frequency 3.8 ± 0.02GHz and power 15 dBm were

injected in the input. A supply modulation signal of 40MHz was applied at

the third port, and its amplitude varied between 1Vpp and 10Vpp around

a DC value of 20V. The gate bias was kept �xed at the same value as

of the analysis, that is −1.6V; the output power measurements have been

performed on a digital spectrum analyzer. Fig. 5.9 shows the comparison

between the analysis results at VRF2
phase of 63◦ and the experimental

results. In the experimental data, the minimum occurs with the phase of

VRF2
tone of 10◦, with the P (2ω2 − ω1) drops of about 30 dB, as in the

analysis result. From the comparison we observe that, despite its simplicity,

the analysis is able to make a good prediction of the trends of both the

fundamental P (ω2) and third-order IMPs P (2ω2 − ω1) as well as of the

intermodulation cancellation occurrence.

This makes the analysis a valuable tool in the design stage of SMPAs,

and overall explain the cancellation mechanism occurring in a SMPA for the

cancellation of the IMP by using a proper bias envelope.

5.3.2 Drain e�ciency measurements

Due to the limitations of the envelope generator, that was able to provide up

to 10Vpp, the input power was limited up to 18 dBm for the cancellation to

occur. For such input power level, setting VD bias level at 20V, the envelope

signal produces a negligible e�ect on the SMPA e�ciency.
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Figure 5.7: Picture of the fabricated SMPA.

Figure 5.8: Setup for the third-order IMPs measurements of the proposed

SMPA.
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Figure 5.9: Comparison between analysis and measured results of fundamen-

tal and third-order IMPs.

In order to overcame the drawbacks related with the generator dynamics

the drain bias VD was lowered from 20V to 10V with the aim to maximize the

e�ect of the envelope tone on the ampli�er e�ciency. The results are showed

in Fig. 5.10, from which we can observe that the phase value corresponding

to the third-order IMPs minimum also allows an excellent trend for the drain

e�ciency, that reaches values near 75%.

Figure 5.10: SMPA e�ciency improvement in intermodulation suppression

condition.
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5.4 Conclusion

A nonlinear analysis for SMPAs based on a mixer-like modeling has been

presented. Its ability to predict the occurrence of internal cancellations and

to identify the responsible terms has been demonstrated on a fabricated

SMPA operating in S-band. The SMPA showed a drop of third-order IMPs

of about 30 dB as predicted by the analysis. A measurement of the drain

e�ciency when the minimum occurs was also reported, showing values near

75%.
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Chapter 6

Conclusion

6.1 Summary of contribution

The main scienti�c contribution of the thesis is the demonstration that the

GaN technology opens new frontiers of linearity for active mixers and SM-

PAs. The contributions are speci�ed in the following, in order of appear-

ance in the thesis. First, the positive impact of the GaN technology on

the drain-pumped mixer conversion gain and linearity. The mixer exhib-

ited both the highest conversion gain and the highest IIP3 of +10dB and

+11 dBm, respectively, among the same class of mixers reported in the lit-

erature. Second, the prove that, in GaN-based gate-pumped mixers, the

device output-conductance doesn't in�uence almost at all the overall mixer

operation. Third, the experimental-based comparison between GaN and

GaAs-based gate-pumped mixers in terms of linearity. This comparison fully

justi�ed the use of the GaN technology for the development of a highly-linear

gate-pumped mixer. Fourth, the analytical explanation about the relation

between the linearity of a gate-pumped mixer and the LO level. Fifth,

the development of a mixer exhibiting the IIP3 state-of-the-art in the Ka

frequency-band. Sixth, the development of a SMPA exhibiting a decrease of

third-order IMPs in excess of 30 dB. Seventh, the prove that a mixer-like ap-

proach can be applied for the prediction of nonlinear mechanisms occurring

in SMPAs.
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6.2 Directions for future work

The demonstration of the GaN technology improving the linearity in active

mixers and PAs opens two scenarios. The �rst concerns a new role for active

mixers in radar receivers. Their linearity feature, together with their conver-

sion gain, could suggest their implementation in place of the series composed

by low-noise ampli�er (LNA) and resistive mixer. Since the modern radar

systems require a large number of receiver and transmitter modules, such so-

lution would reduce the system complexity and thus the costs. To be feasible,

this solution requires mixers with low noise-�gure. For these considerations,

the short-term research goes towards minimizing the noise �gure of active

mixers.

The second, concerning the SMPAs, is related to the application of the

linearization technique implemented in this thesis to an actual wireless-

communications context. In fact, in this thesis such linearization condition

served as a proof-test for the presented nonlinear technique. As such, it

was implemented in the academic situation of a two-tone constant-power in-

put signal, being the minimum number of tones able to generate third-order

intermodulations products falling within the useful band. Therefore, the

short-term research in this context regards the extension of the linearization

technique to the case of wide-band variable-power input signals.
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Appendix

This appendix concerns a di�erent usage scenario for the time-varying power-

series analysis. In particular, it describes the role of the analysis in the

improvement of the RF-to-IF isolation in a quad-fet GaAs-based passive-

mixer.

A.1 The time-varying power-series analysis: a

case-study in the design of a quad-fet pas-

sive mixer

In this work we introduced a new architecture of balanced pas-

sive mixer aimed at providing very high bandwidth and very high

isolation between RF and IF ports. The architecture is based on

a double Marchand balun that allows routing the interconnection

between the quad-transistors terminals such that the overlaps and

misalignment between interconnections are avoided. The opera-

tion of the introduced architecture, as well as its in�uence on the

isolation, were described basing on the extraction of the devices

time-varying output-conductances. The actual operation of the

architecture was then demonstrated by a mixer prototype fully in-

tegrated in 0.2 µm GaAs p-HEMT process. The mixer showed an

isolation between RF (input) and IF (output) between 36 dB and
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42 dB. 1

A.1.1 Passive quad-FET mixer analysis

The mixer is based on a quad-FET topology, which is quite well di�used due

to its linearity capability and its isolation about the LO leakage toward the

IF and RF ports, [90]. In this work we focus on the additional requirement

about the maximization of the IN-OUT isolation. The analysis consider the

extraction of the time varying conductance associated to the single p-HEMT

due to the action of the LO signal. The Fig. A.1a reports the representation

of the quad-FET in terms of its time-varying conductance in the balanced

topology.

In order to enable a qualitative mixer analysis, we make the common

approximation for FET resistive mixers that the main nonlinearity is due to

the nonlinear conductance gds, [70].

By modeling the e�ect of the local oscillator as a gds modulation, we can

write (A.1) as

id(vd) ≈ gds(t)vd + gd2(t)v
2
d + gd3(t)v

3
d (A.1)

Considering the mixer at low level injection we can reduce to the only

term gds(t) and in particular we adopt ĝds(t) = gds(t)/max {gds(t)}. Refer-
ring to the circuit schematic in Fig. A.1a, the ĝds(t) driven by the LO+ and

LO- respectively g1(t) and g2(t), are reported in the Fig. A.1b. From the

picture we see a somehow square waveforms, which are identical and delayed

of an half period of the LO (in the case of the �gure the LO frequency is

1 GHz), [91]. An experimental characterization of this device can be e�ec-

tively carried out by large-signal vector measurements, [92]. Again referring

to the Fig. A.1a, we can derive the analytical expression of the conversion

mechanism in terms of the IF and RF voltage which is function of the gi(t)

vIF (t) = vRF (t)

[
g1 (t)− g3 (t)

g1 (t) + g3 (t)
− g2 (t)− g4 (t)

g2 (t) + g4 (t)

]
(A.2)

From the (A.2), we can see that in the ideal LO driving case the term in

square brackets consist on a somehow square waveform with zero mean value.

1This work was presented as �A New Architecture of Broadband GaAs MMIC Bal-

anced Mixer for Very High RF/IF Isolation for 0.5-18.5 GHz Signal Analysis� at the 17th

European Microwave Integrated Circuits Conference (EuMIC) [89].
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Observing that a zero mean value has no DC component in the Fourier

spectrum, the IF signal does not include the RF frequency. A deviation

from this ideal assumption, in terms of both amplitude and phase, lead to

asymmetries in the (g1(t)− g3(t)) and (g2(t)− g4(t)); these are exempli�ed

in the Fig. A.1c were the LO+ and LO-, were assumed di�erent 1 dB in

term of amplitude, and 5 degree in term of relative phase. Moving back to

(A.2) the symmetry of the LO driving the quad-FET is mandatory to obtain

a zero mean value equivalent conductance and thus isolation between the

input port and output.

This led to the design of a new architecture which is oriented to maximize

the isolation between the input and the output port, while maintaining high

LO isolation to output port and �at behavior in the conversion bandwidth.

(a) Time-varying conduc-

tances

(b) Waveforms of gds as function of LO signals(c) time varying di�erence between gds wave-

forms

Figure A.1: Large-signal/small-signal analysis of quad-FET

The designed architecture hereby introduced consists on the dual LO

driving the quad-FET mixer core. In this way the design permits to layout

the p-HEMTs with no intersections of the the gates signal routing and thus

preserve the balance between the large-signal pump at the gates terminal

of the p-HEMTs. Indeed intersection between transmission line driving the
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balanced LO signal to two pairs of gates terminals, determines an unavoid-

able overlap and thus signal integrity degradation. Thus the 4 p-HEMTs can

be laid out in a row thus permitting a careful balancing of the two pairs of

balanced LO signals. The rest of the circuit is more conventional, it includes

a wide band balun for the input signal and a bu�er to extract the output

signal from the quad-FET without unbalancing the structure.

The Fig. A.2 reports the circuit schematics of the double balanced mixer

where the circuit topology of the input active balun and the bu�er are re-

ported, along with the speci�c interconnection between the two identical

balun and the quad-FET mixing core.

Figure A.2: Schematic of the double balanced mixer.

A.1.2 Experimental Results

The mixer circuit was implemented in the 0.25 µm p-HEMT GaAs PH25

process provided by UMS. The picture of the fabricated IC is shown in

Fig. A.3. The characterization consists in applying the input signal in

the the three operative bandwidths, B1, B2, and B3 and for each of the

the corresponding LO signal at the frequencies de�ned in Table A.1, the

LO levels was maintained at 10 dBm for each operative bandwidth. The
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Figure A.3: Photograph of prototype chip.

Table A.1: Mixer operative bandwidths.

O.B.
Input

(GHz)

Output

(GHz)

LO freq.

(GHz)

LO to OUT

isol. (dB)

B1 0.5 � 6.5 6 � 12 12.5 42.5

B2 6.5 � 12.5 6 � 12 18.5 40.5

B3 12.5 � 18.5 6 � 12 24.5 39.5

resulting conversion gain is provided in Fig. A.4, across the entire set of

operating frequencies. From the picture we can see that the mixer exhibits

a conversion loss of 5 dB ± 1.5 dB across the bandwidth. The reduced

losses are attributed to the output bu�er that contributes with few dBs of

gain, thus reducing the mixer conversion losses. The prototype exhibited an

isolation between input (RF) and output (IF) port spanning between 36 dB

and 42 dB, while the isolation between LO and output port was between 40

dB and 42.5 dB at the three LO frequencies.

With respect to the state-of-the-art available in literature, the mixer

exhibits the best in its class of mixers RF to IF isolation with associated

highest fractional bandwidth.
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Figure A.4: Conversion gain and IN-OUT isolation in the three operative

bandwidth de�ned in Table A.1.
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This research activity has led to several publications in international journals
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International Journals

1. Pagnini, L.; Collodi, G.; Cidronali, A. �A GaN-HEMTActive Drain-Pumped

Mixer for S-Band FMCW Radar Front-End Applications�, Sensors, 2023, 23,

4479. https://doi.org/10.3390/s23094479

2. A. Cidronali, L. Pagnini, G. Collodi, and M. Passa�uume, �A highly lin-

ear ka-band gan-on-si active balanced mixer for radar applications�, IEEE

TRANSACTIONS ON CIRCUITS AND SYSTEMS. I, REGULAR PAPERS,

vol. 69, no. 11, pp. 4453-4464, 2022. [DOI: 10.1109/TCSI.2022.3193960]

3. A. Cidronali, G. Collodi, and L. Pagnini, �High-power uhf doherty ampli�er
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TERS, vol. 63, no. 2, pp. 404-410, 2021. [DOI: 10.1002/mop.32610]
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vol. 108, pp. 17-26, 2022. [DOI: 10.2528/PIERM21121304]
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