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Abstract— This paper is aimed to investigate and resolve the 

odd-mode instability of a hybrid high-frequency power amplifier 

(PA) based on the fT-doubler technique. A description of odd-mode 

stability based on pole-zero identification is performed to provide 

insight into the causes of the odd-mode oscillation. The unwanted 

right half poles (RHPs) at frequencies less than the unity gain 

frequency, resulting from the circuit configuration, corrupt the PA 

operation. Reducing the length of the interconnects and tuning the 

values of the circuit elements is a conventional approach to get rid 

of the RHPs. However, in practice, in hybrid technology, there is 

poor control over interconnects. Besides, changing the circuit 

elements to prevent the odd-mode instability results in 

performance degradations such as a reduction in power gain, 

output power, power added efficiency (PAE), and unity current 

gain frequency (fT). A proposed fT-doubler PA using Wilkinson 

combiner with a calculated odd-mode resistor is exploited to 

overcome the odd-mode oscillation and relax the trade-off between 

odd-mode stability and performance of the PA. The measurement 

of the modified fT-doubler GaN-HEMT PA with Wilkinson 

combiner demonstrates a broadband PA with a stable behavior. 

 
Index Terms— Darlington, fT-doubler technique, high electron 

mobility transistor (HEMT), odd-mode stability, PAE, and RHP. 

I. INTRODUCTION 

YBRID and monolithic (MMIC) power amplifiers (PA) 

using high electron mobility transistors (HEMTs) are 

widely used in microwave applications such as radar and 

telecommunication systems [1], [2]. The hybrid realization of a 

microwave PA based on the discrete HEMTs is cost-effective 

with a relatively short production lead time as compared to 

MMIC. However, the realization of a broadband hybrid 

microwave PA is a challenging task because of the inevitable 

parasitic effects of the interconnects, the limited gain-

bandwidth of the transistors, and instability. 

Two most popular circuit techniques to enhance the 

frequency response of a PA are traveling-wave (distributed) [3], 

[4] and fT-doubler [5]-[7]. The distributed technique is used to 

improve fmax and achieve a high fractional bandwidth of up to 

100 percent, at the expense of output power and efficiency. The 

fT-doubler technique is a modified Darlington technique [8]-

[11] suited for combining the power of two distinct transistors 

with enhancing the unity current gain frequency (fT) of the 

combination. As a simple comparison, fT-doubler PAs have less 
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bandwidth than the distributed amplifiers; however, fT-doubler 

PAs have superiority in output power. The fT-doubler PAs, as 

the superior candidate to the parallel common-source (CS), are 

useful in driving high-speed digital circuits and enhancing the 

bandwidth and linearity of the analog circuits [7], [12]. 

However, the fT-doubler PAs suffers from instability issues.  

The stability of a high-frequency circuit is classified to even-

mode and odd-mode. The even-mode instability of a PA not 

only originates from improper isolation from the output to the 

input ports, but it also arises from the negative impedance seen 

at either the input or output. Note that, based on the duality 

mapping between the ports, the unconditional stability of one 

port can be mapped to another port [13].  Some stability factors 

such as µ and K factors are used to evaluate the even-mode 

stability of a PA in computer-aided design (CAD). The odd-

mode instability happens in parallel devices with imbalanced 

parallel branches. The stability factors of µ and K in CAD are 

not able to predict the odd-mode oscillations. However, using 

the pole-zero identification method for the determination of the 

right half poles (RHPs) on the complex s-plane is a standard 

solution to recognize the odd-mode oscillations [14]-[17].  

Some published works have investigated the realization of 

PAs based on Darlington and fT-doubler techniques in MMIC 

and CMOS technologies [5], [18]. Besides, some published 

papers have analyzed the even-mode stability of the Darlington 

and fT-doubler cells [5], [18]-[20]. However, the odd-mode 

stability of the fT-doubler cell has not been investigated in the 

literature yet. In this paper, the odd-mode stability of a 

fabricated hybrid PA based on the fT-doubler technique adapted 

from [21] is analyzed using pole-zero identification.  

This paper is organized as follows. Section II describes a 

basic fT-doubler configuration. Section III elaborates on the 

stability of the fT-doubler and providing an approach to resolve 

the odd-mode oscillation. Section IV concentrates on the design 

considerations and measurement of the proposed fT-doubler PA.  

II. FT-DOUBLER STRUCTURE  

Fig. 1(a) shows a conventional Darlington cell using GaN 

HEMT of T1 and T2. Based on the small-signal model of the 

Darlington cell, the drain current of T1 (Id1) reaches the source 

of T1, flows through Cgs and Ri of T2 and then enters into the 

ground, while the drain current of T2 (Id1) reaches the source of 
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T2 and then goes to the ground directly. At low frequencies, Cgs 

and Ri of T2 represent a high impedance behavior against 

flowing the drain current of T1, which leads to decreasing Id1. 

Therefore, at low frequencies, the drain of T2 needs to bear a 

majority amount of Id. In other words, the Darlington cell 

suffers from inequality between the drains current of T1 and T2 

at low frequencies. As depicted in Fig. 1(a), by adding a 

combination of LP and RP in parallel with T2, a path for the drain 

current of T1 at low frequencies is provided. The new 

configuration is known as the fT-doubler cell. The fT-doubler is 

suited to resolve the inequality of the currents as long as the 

time constant of the series LP and RP network, LP/RP, is equal to 

or greater than that of the series Cgs and Ri of T2, Cgs×Ri [5, 20].  

Fig. 1(b) shows the hybrid-π model of a GaN-HEMT, 

TGF2023-01, and its values [22], [23]. The unity current gain 

frequency of the fT-doubler cell is calculated as follows [21]. 

Note that the values of Ri and Cgd are significantly small as 

compared to Cgs. Therefore, for the following equations, the 

effect of Ri and Cgd is neglected.  

 

𝜔𝑇𝑓𝑡−𝑑𝑜𝑢𝑏𝑙𝑒𝑟
≈

𝑔𝑚

𝐶𝑔𝑠

× (1 + √2 −
𝐶𝑔𝑠

𝑔𝑚
2 𝐿𝑃

)                            (1) 

 

Also, the unity current gain frequency of a conventional 

common-source (CS) is 𝜔𝑇𝐶𝑆
=

𝑔𝑚

𝐶𝑔𝑠
 , and the unity current gain 

frequency of a Darlington cell is 2.41 times that of a 

conventional CS [18]. Equation (1) shows the dependency of 

the unity current gain frequency of the fT-doubler on the value 

of LP, so that for LP of infinity, fT-doubler represents the same 

unity current gain frequency as a Darlington cell, however, as 

LP tends to the value of  
𝐶𝑔𝑠

2𝑔𝑚
2 , the unity current gain frequency 

of the fT-doubler approaches to that of CS. 

Fig. 2 shows the large-signal simulation of the current gains 

versus frequency of a CS, Darlington, and the fT-doubler with 

LP=0.3 nH and RP=20 Ω using discrete GaN-HEMT on SiC, 

TGF2023-01, manufactured by Qorvo Inc. The simulation 

shows an ωT(fT-doubler) of around 188 Grad/s, which is suited for 

high-frequency applications. The unity current gain frequency 

of the CS is about 95 Grad/s (≈15 GHz). 

III. STABILITY OF FT-DOUBLER CELL  

The stability of a PA with a combination of parallel 

transistors can be categorized into even-mode and odd-mode 

[24]. As for the fT-doubler cell in Fig. 1(a), a semi-parallel 

configuration of two transistors with an output loop is 

considered. Therefore, the stability of a PA based on the fT-

doubler technique is not only affected by the even-mode 

oscillation, but the undesired positive feedback through the 

output loop also impacts the stability in the odd-mode. In the 

following, the stability modes of the fT-doubler cell are 

investigated using small-signal model of the transistors. 

Utilizing the small-signal model provides a straight forward 

insight into the origin of the instabilities. However, in order to 

demonstrate that the modified fT-doubler PA is free of 

instability and working properly, a small-signal and large-

signal measurements are provided.  

A. Even-mode Stability of the fT-doubler Cell  

A microwave PA may suffer from instability caused by 

insufficient isolation from the output port toward the input port, 

as well as the negative real part of the input or output 

impedances. Stability factors µ, and K, resulted from S-

parameters are the common ways to examine the even-mode 

stability of a two-port network [24], [25].  

 Fig. 3 shows the small-signal equivalent circuit of the fT-

doubler configuration in the even-mode. The input and output 

impedances of the configuration are calculated as follows. 

 

𝑍𝑖𝑛 ≈ 𝑍1 + 𝑍2 +
𝑔𝑚𝑍1𝑍2𝑍3

𝑍3 + 2 × 𝑍𝑜

                                                   (2) 

𝑍𝑜𝑢𝑡 ≈ 𝑍3 + (𝑍2 ∥ (𝑍1 + 𝑍𝑖)) +
𝑔𝑚𝑍1𝑍2𝑍3

𝑍1 + 𝑍2 + 𝑍𝑖

                      (3) 

 

Where Z1 and Z2 represent the impedances of the series 

combination of Cgs and Ri related to T1 and T2, respectively. Zi 

and Zo show the impedances seen at the input and output 

matching networks, respectively. Note that, in (2), (3), the 

effect of the gate-drain capacitors (Z4) is neglected. In (2) and 

(3) the first and second terms are positive. However, the third 

term has a negative real part. In the case of a significant 

negative real part of the third term, as compared to the positive 

real parts of the first and second terms, the real parts of Zin or 

 
(a) 

               
(b) 

Fig. 1. a) Conventional Darlington cell and its equivalent small-signal 
model. A combination of LP and RP is added to Darlington to resolve the 

inequality issue. b) Simple π-model of transistor TGF2023-01. 
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Fig. 2. Current gains (h21) of a common-source (CS) single transistor, 

a Darlington and a fT-doubler cells. 
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Zout represent negative impedance, which leads to instability. 

The negative real part of the third term can be reduced by 

designing proper matching networks, increasing the real part of 

ZO (Zi), and by adding LP and RP in parallel with Z2 [5].  

In computer-aided design, the investigation of the stability 

factor of µ is a straightforward and reliable criterion to evaluate 

the even-mode stability. However, the µ factor is not a 

sufficient criterion while being necessary for the overall 

stability of a PA, including parallel circuits [17]. 

B. Odd-mode stability of the fT-doubler cell 

Microwave PAs with parallel branches at either input or 

output suffers from an odd-mode oscillation due to the 

asymmetric input/output signals resulted from the undesired 

mismatch between the parallel branches. For the fT-doubler cell, 

the asymmetric configuration of the transistors leads to a 

significant odd-mode issue. 

The output of a fT-doubler consists of two branches named 

Out1 and Out2. As for analyzing the odd-mode instability, it is 

assumed that VOut1=-VOut2, so that a virtual ground is appeared 

at the junction of the output branches [25]. Fig. 4(a) shows a 

simplified small-signal model of the fT-doubler cell in the odd-

mode. In Fig. 4(a), Ld1 and Ld2 are the simple equivalent model 

of the bonding wires, the transmission line of Md1 is used to 

balance the time delay between T1 and T2, LB is used to provide 

a dc path for biasing of T1, and Lm shows the parasitic elements 

including the transmission line and bonding wires through 

which the source of T1 is connected to the gate of T2. Zi and ZO 

are input and output matching networks that are optimized 

using source-pull and load-pull analyses, respectively. As 

depicted in Fig. 4(a), two 180° out of phase signals at Out1 and 

Out2 lead to flowing an electric current through Loopout. The 

direction of the current depends on the polarities of Out1,2. 

Regarding the output loop, it is presumed that the primary 

current comes from the drain of T2, flows through Ld2, Md1, Ld1, 

drain-source of T1, Lm, and finally reaches Cgs2 (the blue dotted 

line in Fig. 4(a)). As a result, the current generates a voltage 

drop at the gate-source of T2. The gate-source voltage of T2 

results in the primary current at the drain of T2. As long as the 

signal through the LoopOut experiences a total phase shift of 

360° at frequencies less than the unity gain frequency, the odd-

mode oscillation rises. In other words, if Loopout has at least a 

couple of right half poles (RHPs) on the complex s-plane, a 

phase shift of 360° is produced, and the instability occurs. 

Hence, finding the location of the poles and zeroes on s-plane 

is an effective method to investigate the odd-mode stability.   

As shown in Fig. 4(a), due to the virtual grounds in odd-

mode, two output branches, P1 and P2, are formed. Cgd1, Cgd2, 

Ri1, and Ri2 are small and have a negligible effect on stability; 

hence, they are neglected. As for obtaining RHPs, the KVL 

equation should be written through the P1 and P2 current paths. 

Based on Fig. 4(a), it is apparent that the P2 path has two left 

half poles (LHPs), which represent a stable behavior. However, 

according to Fig. 4(b), the path of P1 represents more poles. 

Therefore, the characteristic equation of this path is taken into 

consideration as follows.  

Merging Md1 and Ld1 into Md, removing LP, and RP as a 

Darlington configuration, and for the sake of simplicity, 

neglecting the effect of Lm, the KVL through the path of P1 

yields the following characteristic equation. 

 

𝑅𝑑𝑠1𝑀𝑑𝐶𝑔𝑠𝐶𝑑𝑠1𝑠3 + 𝑀𝑑𝐶𝑔𝑠𝑠2 + 𝑅𝑑𝑠1(𝐶𝑔𝑠 + 𝐶𝑑𝑠1)𝑠

+
1

2
𝑅𝑑𝑠1𝑔𝑚1 + 1 = 0                 (4) 

 

We substitute the given values of the linear π-model, from 

Fig. 1(b), into (4), and replace Md with an inductance of 0.5 nH 

(an approximate value for Ld1 in series with Md1 based on 

simulation result). The roots of the characteristic equation are 

S1=-55.38 Grad/S,  S2,3= 14.25± j×96 Grad/S. Where S1 is a left 

half pole which represents a damping behavior, however, S2,3 

are RHPs, which lead to the oscillation at ω=96 Grad/s. The 

oscillation frequency is less than the unity current gain 

frequency of the fT-doubler/Darlington cell (ωT ≈188 Grad/s) 

and has a destructive effect on the circuit stability.  

Adding a series combination of LP and RP in parallel to Cgs2 

and reducing the values of Md and Lm can move the existing 

RHPs to the left half of the complex s-plane. However, adding 

Lp and RP complicates the odd-mode analyses by increasing the 

number of poles and creating new RHPs. Besides, optimizing 

the values of LP and RP for both; resolving the odd-mode 

instability and the inequality problem at low frequencies is 

cumbersome. Moreover, in practice, for hybrid PA, there is 

poor control over the values of Md, Lm, LP, and RP because they 

are realized using bonding wires and microstrip lines. 

Taking account of the series combination of RP and LP in 

equation (4) in Matlab, the root locus of the characteristic 

equation related to the path of P1 is drawn by varying LP from a 

small value, close to zero, to infinity. According to the root 

locus shown in Fig. 5, for the LP of low value, the path of P1 has 

four LHPs and a couple of RHPs. By increasing the value of LP, 

the RHPs move toward the left half of the complex s-plane 

while a couple of the LHPs approaches the right half of the s-

plane. As a result, the root locus of Fig. 5 demonstrates that 

 
Fig. 3. Small-signal model of the fT-doubler configuration in even-mode.  
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Fig. 4. a) Small-signal model of the fT-doubler circuit in odd-mode to put 

emphasis on the output current loop. b) Output branch related to T1.  
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tuning the value of LP is not able to remove RHPs in odd-mode. 

 According to the Nyquist stability criterion [26] for a system 

with positive feedback, an open-loop gain of less than unity 

guarantees the stability of the system. Generalizing this concept 

to the fT-doubler, adding a series resistor to Md reduces the gain 

of Loopout, transfers the RHPs to the left, and stabilizes the PA. 

However, adding a series resistor degrades the output power, 

power gain, and PAE of the fT-doubler cell, significantly.  

The proposed method for removing the odd-mode instability 

and save the performance of the PA is to add the series resistor 

in odd-mode by using a Wilkinson combiner. Considering Fig. 

6 in odd-mode, the Wilkinson combiner represents a resistive 

behavior, Rodd, between the output of the two transistors. Note 

that each transistor sees Rodd/2. However, in even mode, not 

only does the effect of Rodd is eliminated, but the Wilkinson also 

provides two separate paths to combine the output powers of 

the transistors without performance degradation. 

  

𝑅𝑑𝑠1𝑀𝑑𝐶𝑔𝑠𝐶𝑑𝑠1𝑠3 + (𝑀𝑑 +
𝑅𝑜𝑑𝑑

2
𝐶𝑑𝑠1) 𝐶𝑔𝑠𝑠2

+ (𝑅𝑑𝑠1𝐶𝑔𝑠 + 𝑅𝑑𝑠1𝐶𝑑𝑠1 +
𝑅𝑜𝑑𝑑

2
𝐶𝑔𝑠) 𝑠

+
1

2
𝑅𝑑𝑠1𝑔𝑚1 + 1 = 0                             (5) 

By adding the series resistor of Rodd/2 to the path of P1, the 

characteristic equation is calculated as follows. 

By substituting the π-model values of Fig. 1(b) and Md of 0.5 

nH into (5), for Rodd greater than 35 Ω, all poles are located at 

the left half part of the complex s-plane.  Fig. 7 shows the root 

locus of the fT-doubler using Wilkinson combiner for varying 

LP from a small value, close to zero, to infinity. Based on Fig. 

7, the configuration is stable at all frequencies. That is, the 

proposed technique for the fT-doubler PA demonstrates a 

reliable method to make the circuit stable in odd-mode. 

IV. FABRICATED FT-DOUBLER USING WILKINSON COMBINER  

The fT-doubler PA is fabricated using a couple of discrete 

1.25 mm GaN on SiC HEMTs, TGF2023-01. The drain voltage 

of 28 V is selected for the transistor to achieve a maximum 

expected output power of 38 dBm and a drain efficiency of 

around 60 percent at 8 GHz. A series combination of LP=0.3 nH 

and RP=20 Ω is placed in parallel to the gate-source of T2. LP is 

realized using a bond wire with a length of 450 µm and a 

diameter of 25 µm. An optimal Rodd of 50 Ω is selected for the 

Wilkinson combiner to guarantee the odd-mode stability of the 

PA against the fabrication tolerance. The Wilkinson combiner 

is designed to have a characteristic impedance of Rodd/2=25 Ω. 

Based on a parametric study, a transmission line with the 

optimal length of 76 mils is interposed between the drain of T1 

and the input port of the Wilkinson combiner to reduce the time 

difference between the drains output. Input and output matching 

networks are optimized to have a stable PA with maximum 

power gain, output power, and PAE. The matching networks are 

 
Fig. 7. Root locus of P1 path on complex s-plane for the fT-doubler with 

Wilkinson Combiner.  sign shows the poles and o sign shows the zeroes. 
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Fig. 8. A) fabricated PA. B) Small signal measurment results of the PA. 
TABLE I 

LARGE SIGNAL MEASURMENT RESULTS OF THE FT-DOUBLER PA 

Frequency 
(GHz) 

Output Power 
(dBm) 

Efficiency 
(percent) 

Large Signal 
Gain 

6.5 38.2 40.8 9.3 

7.5 39.9 41.5 9.4 

8.5 40.2 43.3 9.8 

9.5 39.7 42.5 9.6 

10.4 37.9 39 9 

TABLE II 

COMPARISON OF THE BANDWIDTH AND OUTPUT POWER OF THE DIFFERENT 

DESIGN AND CONFIGURATIONS WITH THIS WORK 

Ref Technology/configuration BW (GHz) Pout (dBm) 

[23] 0.25μm Hybrid GaN HEMT 

/ Common Source 

8.8-9.6 37.4 

[12] MMIC GaN HEMT 
/ Darlington Feedback 

0.05-18.7 30 

[5] MMIC GaN HEMT 

 / fT-doubler 

0.2-7.5 31.5 

This 
Work 

0.25μm Hybrid GaN HEMT 
/ fT-doubler 

6.5-10.4 40 
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Fig. 5. Root locus of P1 path on s-plane. The system has two RHPs and 

four LHPs.  and o signs show the poles and zeroes, respectively. 

 
Fig. 6. The proposed PA based on fT-doubler technique with Wilkinson 

combiner. BW is used for Bonding wire.   
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realized using microstrip lines on a PTFE composite (RO3010) 

from Rogers corporation with the dielectric constant of 11.2, 

the dissipation factor of 0.0022, and thickness of 250 m. 

Fig. 8 (a) shows the fabricated fT-doubler PA. Fig. 8(b) shows 

the small-signal measurement results of the fabricated hybrid 

PA. A 3.9 GHz bandwidth, from 6.5 GHz to 10.4 GHz, with 

more than 10 dB small-signal gain is achieved while the PA is 

stable overall frequencies. Note that, by removing the 

Wilkinson combiner, an unmeaningful measured s-parameter 

appeared, which showed the instability of the PA and proved 

the effectiveness of the proposed method. Table I shows the 

measured large-signal results of the PA. TABLE II compares 

the Bandwidth and output power of some published papers with 

this work. Ref [23] shows a low bandwidth and moderate output 

power of a CS hybrid PA with the same technology to this work. 

With the aim of feedback fT-doubler, Ref [12] represents a high 

bandwidth in MMIC. In [5], high bandwidth and medium 

power, fT-doubler PA was realized in MMIC. This work 

demonstrates a high bandwidth and power fT-doubler in hybrid. 

V. CONCLUSION 

Even mode and odd-mode instability as the significant issues 

for realizing a hybrid PA based on the fT-doubler technique was 

investigated. The amplifier based on the fT-doubler technique 

with the parallel output ports suffers from an odd-mode 

oscillation frequency. In the case of the hybrid fT-doubler with 

large interconnects, the oscillation frequency was less than the 

unity gain frequency, which leads to failure. The odd-mode 

stability was well explained based on the roots of the output 

characteristic equation on the complex s-plane. Besides, the 

effect of the circuit element values on the right half poles and 

the performance of the fT-doubler circuit were investigated. To 

resolve the odd-mode oscillation, the output powers are 

combined using a Wilkinson power combiner. The fabricated 

fT-doubler circuit using two 6 W transistors based on Wilkinson 

combiner provided a stable circuit with a small-signal gain of 

around 10 dB and bandwidth of 3.9 GHz. 
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