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 The two circuit-level parasitic compensation techniques for the Philips metal 

oxide semiconductor (MOS) model 9 metal oxide semiconductor field effect 

transistor (MOSFET) at high frequencies (in the GHz range) are presented in 

this paper. The first method involves connecting the series resonant LC 

circuit in parallel to the drain and grounded source/bulk of the MM9; the 

second method involves connecting two of these MM9s in parallel to 

increase the drain current at higher frequencies along with parasitic 

compensation. Using these compensatory techniques, it is possible to reduce 

the impact of drain-source parasitic capacitance on MOS model 9 by 

preventing the short circuit of MOSFET terminals at high frequencies. After 

adjustment, improvements were seen in a number of metrics, including 

output impedance, S-parameters, output power and stability. Finally, using a 

10 dBm source power, these parasitic compensation techniques are applied 

to a single and two stage basic class-E power amplifier and simulated at 1.7 

and 1.1 GHz, respectively. Improvements are noted in multiple performance 

parameters, including power Gain (16.5 dB), drain Efficiency (83%), power 

added efficiency (85.82%), output power (26 dBm), good Stability (K=2.23, 

B>0), and S-parameters (S11=-9.22 dB, S12=-39.78 dB, S21=16.38 dB, and 

S22=1.41 dB) in two-stage cascade power amplifier. 
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1. INTRODUCTION 

High frequency applications are needed these days to get the fastest data rates possible while using 

tiny antennas. However, the design of the metal oxide semiconductor field effect transistor (MOSFET) 

circuits for the transmitter and receiver presents a high frequency challenge. The main factor that degrades 

the MOSFET's overall performance at giga hertz (GHz) range is parasitic components [1]. Rather than 

limiting the influence of parasitic elements, a great deal of effort has been done on the extraction/modeling of 

parasitic components [2]–[6] and the impact of parasitic elements [7]–[9] on MOSFET operation. Typically, 

device level modeling or circuit level modeling can be used to compensate for parasitic elements at high 

frequencies in MOSFET. 

When it comes to device level modeling, the impact of parasitic elements can be minimized with  

i) gate all around field effect transistor (GAAFET) technology [10]; ii) A tall gate stem for a Gallium Nitride 

high electron mobility transistor (GaN HEMT) [11]; iii) Sidewall spacers have an insulator layer made of a 

low k dielectric material covering them, and they have an optimum cross-sectional form [12], [13]; and iv) a 

silicon carbide (SiC) MOSFET with a recessed source trench and an integrated metal oxide semiconductor 
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(MOS)-channel diode [14]. However, the influence of parasitic elements can be mitigated in circuit level 

modeling through the following methods: i) Using the low gate turn off impedance driver methodology to 

reduce the MOSFET's common source parasitic inductor [15]; ii) Using a cross-coupled arrangement, input 

matching with a three-coil transformer compensates for the parasitic capacitance of the gate to the source 

[16]; and iii) A large number of stacked complementary metal oxide semiconductor field effect transistors 

(CMOS FETs) can prevent body effect transconductance degradation and reduce parasitic capacitances 

influence on overall operation [17]. The preceding circuit-level modeling research focuses on either parasitic 

capacitance or parasitic inductance minimization, but rarely at once. 

A novel approach to circuit-level modeling is presented in this study to compensate for the parasitic 

inductance, parasitic capacitance, conduction loss, power dissipation, junction temperature and also helps to 

operate the MOSFET at high frequencies. The parasitic drain-source capacitance is compensated with a 

series resonant inductor-capacitor (LC) circuit connected in parallel to the metal oxide semiconductor model 

(MM9), as shown in Figure 1(a). Additionally, the parasitic capacitance and inductance in the gate/drain- 

source loops are minimized with parallel connected parasitic compensated MOSFETs, as shown in 

Figure 1(b). The compensation is validated through simulation reports and mathematical analysis. Paralleling 

field effect transistor (FETs), M1 and M2 provide the following advantages: i) The current handling capacity 

increases to meet the electric current requirements of high-power applications; ii) Reduces the conduction 

losses; iii) Power dissipation over multiple devices is spread to limit the maximum junction temperature;  

iv) Equalizing the parasitic inductance in the critical gate to the source and drain to the source loop; v) The 

switching speed increases and helps to achieve high operating frequencies; vi) The transconductance 

increases because of the same gate to source voltage; vii) The power loss associated with the parallel 

combination reduces because of the lower ON state resistance; and viii) Improved thermal stability. 

Ultimately, from an application standpoint, the two parasitic compensation techniques are applied to a two-

stage cascade power amplifier and a simple class-E power amplifier to achieve a good improvement in 

several parameters, including linearity, S-parameters, stability, power dissipation, gain, input/output 

impedance, and power added efficiency (PAE) and drain efficiency (DE). 

 

 

  
(a) (b) 

 

Figure 1. Proposed (a) series resonant LC compensation and (b) parallel MOSFETs LC compensation  
 

 

2. METHOD 

An analytical model for simulating electrical circuits based on physics, the Philips MOS model 9 

(MM9) is well-suited for both analog and digital applications. It explains the electrical properties in all 

pertinent transistor operating regions, including the output conductance, substrate current, and sub-threshold 

current. In addition to providing superior performance over the more intricate Berkeley Short-channel 

Insulated gate FET model (BSIM), The first MOS model that is compact and passes the benchmark tests for 

analog models is MM9. MM9 covers every possible geometry that can be used in an integrated circuit (IC) 

process [18]. The complete model of MM9 and its related parasitic at radio frequency (RF) is represented by 

the combination of conventional MOSFET (Mi) and parasitic elements in Figure 2 [19]. Figure 3 display the 

alternating current (AC) small signal equivalent model of a complete millimeter wave (MMW) MOSFET for 

high-frequency applications [20]. 

As shown in Figure 4, the output impedance of the MM9 is regulated by connecting a series 

resonant LC circuit in parallel to the drain and grounded bulk of the simplified small signal equivalent model 

of the MM9 [21] in order to compensate for parasitic elements. The main obstacles to working with 

millimeter wave and radio frequency circuits are parasites. Figure 5 shows the schematic of MM9 

(MOSFET1) with proposed parasitic compensation technique i.e., series LC circuit. The following 

mathematical analysis and simulation reports demonstrate how series LC can be used to compensate for the 

parasitic effect on high frequency circuit performance. 
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Figure 2. MM9 with parasitic capacitors 

 

Figure 3. MM9 MMW equivalent model 

 

 

  
 

Figure 4. MM9 equivalent model with proposed series 

resonant LC circuit 

 

Figure 5. Schematic of MM9 MOSFET with proposed 

series resonant LC circuit 

 

 

The MM9’s output admittance or admittance at MOSFET’s drain of the Figure 5 [21] is 

 

Y22 ≈
1

1

𝜔2𝑐ⅆ𝑏
2

1
𝑅𝑏

+𝑗𝜔(𝑐𝑔𝑏+𝑐𝑠𝑏+𝑐ⅆ𝑏)
 + 𝑔ⅆ𝑠 + 𝑗𝜔 (𝑐ⅆ𝑔+𝑐ⅆ𝑏)

 + 𝑅𝑠 + 𝑅ⅆ
 

 

According to the aforementioned formula, output admittance increases as source signal frequency (𝜔) increases. 

Because of the lowest impedance of drain-bulk (𝑐ⅆ𝑏) and drain-gate (𝑐ⅆ𝑔) parasitic capacitances, it is clear that 

parasitic capacitances cause MOSFETs to exhibit reduced output impedance at high frequencies (in the GHz 

region). This causes the gate, drain, and source terminals to short circuit, which ultimately results in a large 

amount of power dissipation and a reduction in power gain. 

The admittance of series resonant LC circuit (YLC) is 

 

YLC = 
1

𝑗𝜔𝐿 + 
1

𝑗𝜔𝐶
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Finally, the magnitude of admittance of Figure 5 can be given as (1). 
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|YPCM| = |Y22| + |YLC| 

 

|YPCM| = |Y22| −
1

𝜔𝐿 − 
1

𝜔𝐶
 
 (1) 

 

If 𝜔𝐿 ≫ 1/𝜔𝐶 , then from (1), 

 

|YPCM| = |Y22| - (1/𝜔𝐿) (2) 

 

If 𝜔𝐿 ≪ 1/𝜔𝐶 , then from (1), 

 

|YPCM| = |Y22| + 𝜔𝐶 (3) 

 

As per the (2) and (3), it can be clearly understood that the output impedance of MM9 MOSFET at higher 

frequencies can be increased or decreased with the proposed series LC parasitic compensation method by 

varying the inductor (L) and capacitor (C) magnitudes. If 𝜔𝐿 ≫
1

𝜔𝐶
, then the output impedance of series LC 

compensated MM9 MOSFET at higher frequencies can be increased as per the (2). Hence, the compensation of 

drain-bulk parasitic capacitance i.e., 𝐶𝑏ⅆ can be done with a series LC compensated network. 

 

 

3. RESULTS AND DISCUSSION 

The Philips MM9 MOSFET dimension considered here is 0.25×400 µm. The validity of proposed 

parasitic compensation techniques is verified and simulated with Keysight advanced design system. The output 

(mag(Zin2)) and input impedance (mag(Zin1)) magnitude of MM9 are 78.27 Ω and 25.19 Ω respectively, as 

shown in Figure 6(a) at the operating frequency of 3 GHz. According to (2), the output admittance of Figure 5 

with L=38.61 nH and C=6.4 nF satisfies the requirement that ωL≫1/ωC, can be given as: 

 

YPCM = (1/78.27) – (1/727.41) = 11.4 mS 
 

mag(Zin2) = 1/YPCM = 1/11.4 mS = 87.7 Ω 

 

where, mag(Zin2) is the output impedance magnitude of Figure 5 and its simulated graph is shown in 

Figure 6(b) along with input impedance magnitude mag(Zin1) of Figure 5. As demonstrated in Figure 1(b) for 

two parallel parasitic compensated MM9s, Figure 6(c) illustrates the increased output impedance magnitude to 

328.84 Ω. Therefore, when compared to series LC MM9s, the two parallel MM9s with series LC compensation 

offer superior performance and parasitic compensation. In other case, according to (3), the output admittance 

of Figure 5 with L=1 nH and C=1 nF satisfies the requirement that ωL<<1/ωC, can be given as 

 

YPCM = (1/78.27) + (1/34.23) = 40 mS 
 

mag(Zin2) = 1/YPCM = 1/40 mS = 23.81 Ω 

 

The simulated graph of mag(Zin2) i.e., 23.81 is shown in Figure 7(a) at the operating frequency of 3 GHz. 

With the same L(nH)=C(nF)=1, the output impedance is still reduced to 15.87 ohms in the case of parallel 

MOSFETs LC compensation, as shown in Figure 7(b) at 3 GHz. It is evident from this mathematical analysis 

that the two parasitic compensation approaches that are suggested can be used to vary the output impedance 

of MM9 by selecting different values for the inductor and capacitor. Operating the MM9 even at high 

frequencies is made possible by this change in output impedance. 

According to the aforementioned analysis, the MM9's output impedance can be decreased at low 

frequencies to provide good current/power amplification or raised at high frequencies to prevent output 

terminals short circuit. The simulated parameters of MM9, MM9 with series resonant LC compensation, and 

MM9 with parallel LC compensation at 3 GHz are displayed in Table 1. The following observations have 

been made based on this table. i) Decrease in input impedance Mag(Zin) contributes to the low power 

signals' amplification; ii) As output impedance Mag(Zout) rises, power dissipation at high frequencies is 

lessened; iii) Forward transmission (S21), output reflection coefficient (S22), and input reflection coefficient 

(S11) all improved, but reverse transmission (S12) barely degraded at all; iv) The stability measurement  

(B=1+|S11|2-|S22|2-|S11*S22-S12*S21|2) and the Rollette Stability factor (K={1-|S11|2-|S22|2+|S11*S22- 

S12*S21|2}/{2*|S12*S21|}) remain the same, and the stability criteria (K>1, B>0) is satisfied; and vi) The 

power output is rising. 
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(a) (b) 

 

 
(c) 

 

Figure 6. Input (mag(Zin1)) and output impedance (mag(Zin2)) of (a) MM9, (b) series resonant LC 

compensated MM9, and (c) parallel MM9s LC compensation 
 

 

  
(a) (b) 

 

Figure 7. Input (mag(Zin1)) and Output impedance (mag(Zin2)) (a) series resonant LC compensated MM9 

and (b) parallel MM9s LC compensation 
 

 

Table 1. Parameter’s comparison 
Parameter MM9 Series resonant LC 

compensated MM9 

Parallel MM9s LC 

compensation 

Mag(Zin) 25.19 25.05 12.86 

Mag(Zout) 78.27 87.44 328.84 
S11 (dB) -1.67 -1.78 -2.64 

S12 (dB) -4.90 -4.73 -3.40 
S21 (dB) -4.94 -4.73 -3.40 

S22 (dB) -1.67 -1.78 -2.64 

K 1 1 1 

B >0 >0 >0 

Pout(dBm) 4.81 5.03 6.29 
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From an application perspective, the two parasitic compensation methods that have been proposed 

are employed in the design of a basic class-E power amplifier, as depicted in Figure 8. This allows us to 

examine the effects of the proposed methods on various performance parameters, including input/output 

impedances, S parameters, gain, power added efficiency, drain efficiency, direct current (DC) power 

dissipation, and stability factor. To provide the greatest power to the load, the Parallel MM9s LC 

compensation technique at 1.7 GHz, is helpful in matching the input impedance and output impedance of the 

power amplifier as illustrated in Figure 9. It also helps correct the parasitic of the MM9 and to boost up the 

drain current. Table 2 shows the performance metrics of a basic class-E power amplifier with a 10 dBm 

source power at 1.7 GHz. The following conclusions have been drawn from this table: i) The output 

impedance (Zout) can be adjusted with proposed compensation techniques depending on the intended load 

and amplification; ii) To provide the greatest power to the load, Parallel MM9s LC compensation technique 

provides the same input and output impedance; iii) Achieved improvements in forward transmission (S21), 

output reflection coefficient (S22), and input reflection coefficient (S11); iv) The stability measurement (B) 

is improving beautifully from an unstable to a stable system, while the Rollette stability factor (K) stays the 

same; and v) When power dissipation (Pdiss) is compromised, output power (Pout), gain, and PAE increase. 

 

 

 
 

Figure 8. Simple class-E power amplifier 

 

 

 
 

Figure 9. Input (mag(Zin1)) and Output (mag(Zin2)) impedance magnitude of basic class-E power amplifier 

with Parallel MM9s LC compensation 

 

 

Table 3 shows the simulated parameters of two stage Cascade power amplifier designed with 

Parallel MM9s LC compensation technique with 10 dBm source power at operating frequency 1.1 GHz, as 

shown in Figure 10 and comparison has been done with previous work. The simulated parameters are power 

gain (Gain_dB) of 16.5 dB, drain efficiency (DE) of 83%, power added efficiency (PAE) of 85.82%, output 

power (Pout_dBm) of 26 dBm, good stability (StabFact1(K)=2.23, StabMeas1(B)>0) and S-parameters 

(S11= -9.22 dB, S12= -39.78 dB, S21=16.38 dB, S22=1.41 dB) as shown in Figures 11(a)-11(f) respectively. 
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The output spectrum of the two-stage cascade proposed power amplifier is shown in Figure 12, where the 

maximum output power can be observed at 1.1 GHz with harmonic suppression at other frequencies. 

Figure 13 shows the variation of output power and PAE with respect to the load resistor. Here the output 

power remained constant till 100 Ω load and peak PAE obtained at 55 Ω. 

 

 

Table 2. Performance metrics of basic class-E power amplifier with proposed parasitic 

compensation techniques 
Parameter MM9 Series resonant LC 

compensated MM9 
Parallel MM9s LC 

compensation 

Zin (dB) 29.99 33.28 33.47 

Zout (dB) 39.39 34.80 33.56 
S11 (dB) -8.66 -24.71 -28.33 

S12 (dB) -5.99 -0.99 -1.04 

S21 (dB) -4.06 0.94 0.98 
S22 (dB) -1.63 -24.62 -29.95 

K 1 1 1 

B <0 >0 0.08 
Pout (dBm) 10.25 10.62 11 

PAE (%) 3.93 5.69 8.05 

DE (%) 40.06 42.91 40.07 
Pdc (mW) 26 27 31 

Pdiss (mW) 24 24 28 

Gain (dB) 0.24 0.68 0.98 

 

 

Table 3. CMOS process performance comparison 
 CMOS process (nm) Frequency (GHz) Pout (dBm) PAE (%) 

[22] 180 2.4 26 24 

[23] 130 1.7-2.7 25 38 
[24] 90 2.4 9 30 

[25] 130 1.1-2.9 27.6 49.4 

[26] 180 2.4 7.6 36 

[27] 130 2.5 19 32 

[28] 65 1.8 14.12 38.4 

[29] 180 2.45 20 43.6 
[30] 180 2.1-4.8 22 43.7 

[31] 40 <1 20 43 

[32] 22 2.4 30.7 42.5 
[33] 65 1 21.5 52.4 

This Work 180 1.1 26 85.8 

 

 

 
  

Figure 10. Two stage Cascade power amplifier at 1.1 GHz with Parallel MM9s LC compensation 
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(a) 

 

(b) 

  
(c) 

 

(d) 

  
(e) (f) 

 

Figure 11. Parasitic compensated two stage cascade power amplifier at 1.1 GHz with (a) Gain, (b) DE, 

 (c) PAE, (d) Output power, (e) Stability factor (K) and Stability measurement (B), and (f) S parameters 
 

 

  
 

Figure 12. Interpolated output 

spectrum 

 

Figure 13. Variation of output power and PAE with 

respect to load resistor 
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4. CONCLUSION 

This paper presents the simulation reports and mathematical analysis of proposed two circuit level 

parasitic compensation techniques to the Philips MM9 MOSFET at high frequencies (GHz). The suggested 

methods are based on series resonant LC circuit and paralleling the two parasitic compensated MOSFETs. 

These innovative techniques successfully reduce the influence of MOSFET parasitic elements at high 

frequencies, as evidenced by the 2-stage cascaded basic class-E power amplifier that has the maximum power 

added efficiency of 85.82%, high drain efficiency of 88.03%, power gain of 16.5 dB, good stability (K=2.23, 

B>0), reflection coefficient of -39.78 dB, transmission coefficient of 16.38 dB and an output power of  

26 dBm at the operating frequency of 1.1 GHz with 10 dBm source power. Further improvement in 

performance metrics can be seen at higher operating frequencies by using the Doherty concept and Wilkinson 

power combining technique to the suggested power amplifier design. 
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