1/f Noise and Quantum 1/f Phase Noise in GaN/AlGaN HFET Based Oscillators
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1. Calculation of the FET and HFET - based amplifier noise figure F when the 1/f noise power spectra SR/R for the channel and SRG/RG for the gate are known

1.1 Summary


The connection between HFET channel resistance fluctuation noise and the noise figure F of the corresponding amplifier is derived here, in order to show how the various noise sources present in the channel and in the gate can be integrated.  The Noise Figure F of an amplifier stage is defined as

F = [Output noise power <V2>f]/[Output noise power of the noiseless amplifier or device].

If, for instance, the amplifier stage (e.g., an FET or HFET), amplifies the thermal noise of a conductance gs connected between the input ports, with a current ICh present in the channel, the noise figure is 

F = {4kTogs + (4kTogi + IG2SRG/RG) + (gs+gi)2[(4kTo/RCh + ICh2SR/R)/|Ytr|2]}/4kTogs= 1 + [gi + IG2SRG/RG/4kTo]/gs + (gs+gi)2{[4kTo/RCh + ICh2SR/R]/|Ytr|2}/4kTogs 

(1)
Here SR/R and SRG/RG are the (quantum 1/f and GR -type) spectral densities of fractional resistance fluctuations in the channel resistance RCh and gate insulation conductance gi respectively, while |Ytr| is the transadmittance, also known as transconductance (gm) at lower frequencies.  This result derived below for F assumes that the noise source SRG/RG in the gate insulation conductance gi and the noise source SR/R in the channel resistance RCh are uncorrelated.  This is not always rigorously true, particularly at high frequencies, at which, however, the base-band 1/f noise is negligible; while phase noise matters.  The phase noise is the one that persists with importance at high frequencies, more than amplitude noise, in most applications.

The minimal noise figure Fmin is a good measure of the noise of the amplifier stage at intermediate values of gs, Rno is a good noise measure for large values of gs, and gno= gn+ Rngi2 is a good noise measure for small values of gs.  From Eqs. (1) and (5), Rno= Rn/(1-2Rngi ) ≈ Rn is the source resistance necessary to double the output power of the (short-circuited-input) amplifier stage.  Also, gno/(1-2Rngi) ≈ gno is the source conductance needed in order to double the output of an amplifier, starting from gs=0.  Note that Rn and gn are defined by Eqs. (8) and (9) below.  Finally, F turns out to be practically the same for common source, common gate and common drain circuits [1].  The ≈ sign assumes gi <<1/2Rn, i.e., that there is good gate insulation.  The minimal noise figure 

Fmin  = 1 + 2Rn{gi + (gn/Rn+gi2)1/2}
= 1 + 2{[4kTo/RCh + ICh2SR/R]/4kTo|Ytr|2}{gi + [|Ytr|2(4kTogi + 


+IG2SRG/RG)/(4kTo/RCh + ICh2SR/R) +gi2]1/2}




(2)

is obtained for 

gs = gsOPT = (gi2+gn/Rn)1/2 = {gi2+ |Ytr|2(4kTogi +IG2SRG/RG)/(4kTo/RCh + ICh2SR/R)}1/2. 
(3)

Note that the present results assume a negligible direct input-output coupling (and therefore uncorrelated fluctuations in the gate and channel resistances), as can be obtained at low frequencies, and for low-frequency noise processes leading to generation of phase noise close to the carrier at high and ultra-high frequencies.  It is easy to relax this neglect of correlation.

1.2 Derivation

In general, to calculate the noise figure of an amplifier stage, one: 

(1) draws the equivalent circuit, 
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Fig. 1: Equivalent circuit of a HFET amplifier with uncorrelated with noise referred to the input.

(2) includes all noise sources, 


---  ii = (4kTognf)1/2, representing 1/f, GR and thermal rms noise current of the gate in terms of the equivalent noise conductance gn of the gate insulation conductance gi.


--- en = (4kToRnf)1/2, representing 1/f, GR and thermal rms input-referred voltage noise of the channel in terms of the equivalent input-referred noise resistance Rn of the channel,

(3) calculates the mean square value <iout2> = <vg2>|Ytr|2 of the output noise, and 


<iout2> = [4kTo(gs+gn)f/(gs+gi)2 + 4kToRnf] |Ytr|2





(4)

 (4) defines 


F = [<io2>/(contribution of the noise source to <io2>)] = <io2>/[4kTogsf|Ytr|2/(gs+gi)2]:

F-1 = gn/gs + (gs+gi)2Rn/gs = 2Rngi + Rngs + (gn+gi2Rn)/gs





(5)

This function of gs has a minimal value: 

Fmin -1 = 2Rngi + 2(Rngn+gi2Rn2)1/2
(6)
at 
gs = gsOPT = (gi2+gn/Rn)1/2

(7)


For FETs and HFETs we write

4kTogn(f) = 4kTogi + IG2SRG/RG =4kTrn/RG2;
rn(f) = RG + IG2SRG/RG/4kT = gnRG2
   
(8)

and
4kToRn = [4kTo/RCh + ICh2SR/R]/|Ytr|2,






(9)

where SRG/RG and SR/R are the fractional quantum 1/f noise spectra for gate and channel.  Therefore,

F-1 = [gi + IG2SRG/RG/4kTo]/gs+ (gs+gi)2[4kTo/RCh + ICh2SR/R]/4kTogs|Ytr|2 


(10)

and 

Fmin -1 = 2Rn{gi + (gn/Rn+gi2)1/2} =2{[4kTo/RCh + ICh2SR/R]/4kTo|Ytr|2}{gi + [|Ytr|2(4kTogi + IG2SRG/RG)/

(4kTo/RCh + ICh2SR/R) +gi2]1/2}






(11)

for    gs = gsOPT = (gi2+gn/Rn)1/2 = {gi2+ |Ytr|2(4kTogi + IG2SRG/RG)/(4kTo/RCh + ICh2SR/R)}1/2. 
(12)

Here SR/R and SRG/RG are the quantum 1/f and GR -type spectral densities of fractional resistance fluctuations in the channel and gate insulation respectively.  |Ytr| is the transadmittance, also known as transconductance at lower frequencies.


Our measurements performed in St. Louis on the UCSB HFETs of Mishra, Likun Shen et. al. on 3 substrates (Table II above) give both RCh and SR/R as a function of ICh and VG, in agreement with the Quantum 1/f theory while the transconductance gm ( |Ytr| is known from the I-V characteristics.  Therefore, we can easily determine a noise figure from each of our measurements with this simple last formula for each VG, drain bias VDS or channel current ICh, and for any given source resistance Rs and |Ytr|.  While the noise figure depends on the source resistance, and on the bias ICh, our results are of intrinsic nature, independent of these circumstances, allow the determination of the effective Hooge constant, allow easy comparisons with the quantum 1/f theory [1-4], and also allow us to find the noise figure (and, knowing the gate conductance gi, also Fmin) easily for any application involving the given HFET. 

2. Quantum 1/f noise sources in GaN HFETs

2.1 Gate Noise

The gate leakage current results in relatively large noise, and can contribute considerably to phase noise.  This large contribution is caused by the piezoelectric quantum 1/f effect affecting currents present in sufficiently large samples of spontaneously polarized ferroelectric material, with a 106 times larger quantum 1/f noise coefficient introduced by the speed of sound replacing the speed of light in Sommerfeld’s fine structure constant.  It is enhanced also because gate potential fluctuations appear amplified in the channel current.  Our theory [5,6] yields a power spectrum of gate resistance fluctuations


SRG/RG= G/NGf; 
G ≈0.2= piezo Q1/f coefficient.



(17)
Here NG= IGwhere IG is the gate current and  is the life time of the carriers in the AlGaN gate insulation.
To understand the large value of a, we mention that the piezoelectric Q1/f coefficient is also found [5,6] by combining the conventional and coherent parts in a weighted sum:

H = fNSj/j(f) = [1/(1+s’)](4g/3)(k/ks)2 

+ [s’/(1+s’)]{2g/[1-(<k>/ks)2]}



   


(18)

where vs is the speed of sound, <k>=m*<v>/(,  |<v>| = u  is the drift velocity of the carriers, k/ks=v/vs, and



ks = m*vs/(;   s’ = (gN’(/m*vs)(vs/u)3F(u/vs). 




(19)
Here N’ is the number of carriers per unit length of the sample in the direction of current flow, and

F(u/ vs) = 2(u/vs){1 + 1/[1 - (u/vs)2]} + ln[1-(u/vs)]2 – ln[1+(u/vs)]2. 



(20)

For u/vs <<1, 
F(u/vs) = (2/3)(u/vs)3.    Then s’ = (2gN’(/3m*vs) ( N’.10-7 cm. 
 
(21)

For 1-(u/vs) <<1, 
F(u/vs) = 1/[1-(u/vs)].  






(22)

Due to the small number of carriers, their drift velocity is close to the sound velocity in the AlGaN gate, and the condition 1-(u/ vs) <<1 is satisfied.  Then we obtain 


s’ = (gN’(/m*vs)(vs/u)2{1/[1-(u/vs)]},  





(23)

which can be larger than 1. In conclusion, due to the large value of s’, the first term in Eq. (18) is negligible, and the coefficient s’/(1+s’) of the second term is 1.  From the graph in Fig. 4.1 on p. 48 of the Thesis of Sia Eng Kee [7], we find that g is about 3 and therefore a(0.2, as mentioned above, for AlGaN which is stiffer.

2.2 Channel Noise

The noise present in the GaN/AlGaN HFET’s channel was derived and discussed earlier [8].

In terms of the HFETs channel resistance RCh and of the current ICh through it, we obtain 

fSR = fSRS + fSRD + fSRch = RS3eSS/LS2 + RD3eDD/LD2 +4kTRch/Ich2+        


(24) 
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Here the source, channel and drain resistances form the total resistance: RS+RCh+RD=1/Gm; where Gm is the total HFET conductance. 
3. Oscillator Phase Noise

The oscillator can be modeled in a first approximation as an oscillant circuit (Fig. 2) described by a harmonic oscillator equation


d2x/dt2+2dx/dt+02x =F0exp(it)







(25)



Fig. 2: Equivalent circuit of an oscillator, with active element shown as a negative conductance.

In Fig. (2) –Gm(Vo) is a negative conductance that represents the active element, the force F0exp(it), causing the oscillations.  This force, or emf is assumed to be free of fluctuations.  The fluctuations are present in the dissipative element that may be present in the active device and in the resonator.  The solution for x, which can be the current or the voltage in the oscillant circuit, is 


(x,I,V) =(x0,I0,V0)exp(it);  |x0|2=|F0|2/[(02-2)2+422]  




(26)

The resonance condition
d|x0|2/d=0   yields

r2=o2 -22.









(27)

Conventional quantum 1/f noise is a fundamental quantum fluctuation present in quantum mechanical cross sections and process rates [4], [1-3].  The latter determine the dissipation in quartz crystals and in general in resonant systems of any kind [9].  Considering therefore fluctuations of the dissipative constant , we obtain for the resulting frequency fluctuations of the arbitrary resonant system [9]

rr=2rr=r)2.







(28)

With y(rr and with  being the quality factor Q, we obtain the frequency fluctuations power spectrum


Sy(f) =4(r)4S =(1/4Q4)S. 







(29)

This defines the phase noise that is to be expected in first approximation.  However, there are also contributions from the source and drain series resistances, and from the gate leakage current.  Together with the channel noise shown in Eq. (28), they define the total quantum 1/f frequency fluctuation noise SyQ1/f, and the corresponding phase noise L(f).

4. Total 1/f-type Phase Noise SyH 

In terms of R and Ich, with RS+RCh+RD=R, our goal is to find the total quantum 1/f frequency fluctuation noise SyH=Const/f =S.  The quantum 1/f resistance fluctuations in the channel, source, drain and gate are independent, because they are fluctuations of different scattering cross sections and process rates.  According to Eq. (4.11), (3.13) and (3.14), we obtain, by including the fluctuations of the channel resistance induced by the gate resistance fluctuations,

SR=SRS+SRD+SRch+4kT(gn+gs)/(gi+gs)2ICh2)|RChYtr|2 

= RS3eSS/fLS +RD3eDD/fLD +4kTRch/Ich2+4kT(gn+gs)/(gi+gs)2ICh2)|RChYtr|2.+(30)

+4kT(gn+gs)/(gi+gs)2ICh2)|RChYtr|2.






(31)

Here we included the noise conductance of the gate gi+IG2SRG/RG/4kT =gn, according to Eq. (5.8)-(5.11), with y(.  These equations provide the quantum 1/f component, which is dominant close to the carrier, arising from the GaN/AlGaN HFETs

  To this result we have to add the well-known contribution of the sidebands arising from device nonlinearity (NSB-part).  This part can be reduced by operating the HFET at saturation, and restricting the dynamical range.  Furthermore, partial compensation measures are possible for this classical part, as shown, e.g., by A. Hajimiri (HJM).  Therefore, 


Sy=SyQ1/f +SyHJM+SyNSB .








(33)

The phase noise at a frequency =f from the carrier frequency is given most often not in terms of frequency fluctuations, but in dBc, i.e.,

L(f)= L()=10log[(1/2)(/2f)2Sy(f)]






(34)
This all can be applied to a practical example of GaN/AlGaN HFET –based oscillator.

5. Example: Robert York – X. Hu - BST-based oscillator

Consider now as a practical example the oscillator of  R. York and X. Hu at UCSB, developed as part of our Ultra-low Phase Noise MURI Program.  It uses a BaSr(TiO3)2 bypass capacitor, as seen in Fig. 3.  Its frequency is o=5 GHz; its unloaded quality factor is Qu≈ 23 and the loaded quality factor is estimated to be about Ql=10.  From Table II we find for the HFET channel that provides the dissipation in the oscillator, approximately,

SR/R2 ≈10-10/f.  Considering also negligible gate noise, 4kTo(rs+rn)|Ytr|2 ≈0, we obtain, from Q1/f theory, 


Sy= (SR/R2)/4Ql4f= 10-10/4.104f= 2.5.10-15/f, 






(35)


Fig. 3: GaN/AlGaN HFET-based oscillator of R. York and X. Hu (UCSB)
Therefore, in phase noise language,


L(f)=L()=10log[(1/2)(/2f)2Sy(f)] =45dBc@1kHz,  or about 105dBc@100kHz. 
(36)

Note that Experimentally, L(100KHz)=105dBc was measured, in excellent agreement with our rough estimate. It is interesting to note that for Q=104, L(f)=165dBc@1kHz.  Therefore, it would be advisable to use special high-frequency MEMS resonators.
References

[1] A. van der Ziel, "Noise in Solid State Devices and Circuits", Wiley-Interscience, New York, 1986, Ch. 11

[2] A. v. d. Ziel, "The Experimental Verification of Handel's Expressions for the Hooge Parameter", Sol. St. Electronics, 31,1205-09 (1988).

[3] A. van der Ziel, A.D. van Rheenen, and A.N. Birbas, "Extensions of Handel's 1/f Noise Equations and their Semiclassical Theory", Phys. Rev. B40, 1806-1809 (1989).

[4] P.H. Handel: “Noise, Low Frequency,” in Wiley Encyclopedia of Electrical and Electronics Engineering, vol. 14, pp. 428-449, John Wiley & Sons, Inc., John G. Webster, Editor, 1999.

[5] P.H. Handel, H.L. Hartnagel, K.E. Sia and D. Wolf: “Connection of Coherent and Conventional Piezoelectric Quantum 1/f Noise and the Role of Subharmonics”, Proc. 17th Int. Conf. “Noise and Fluctuations” (ICNF’03). J. Sikula Ed., ISBN 80-239-1005-1, p.161-166 (2003).

[6] P.H. Handel, H.L. Hartnagel, K.E. Sia, U.K. Mishra, and R. York, “GaN HEMT geometry and Piezoelectric Quantum 1/f Noise” WOCSDICE 2004, Techn. Univ. of Vienna Press 2004, ISBN 80-227-2050-X, pp. 85-87.

[7] SIA E. Kee “The Application of Piezoelectric Quantum 1/f Noise Theory to Describe the Low Frequency Noise in ELO-GaN and n-GaN” PhD Thesis, Techn. Univ. Darmstadt, Germany, 2003, ISBN 981-050060-2.

[8] P.H. Handel and S. Lin: “1/f Noise Measurement and Theory in GaNHEFTs, other Devices and Systems”, Proc. WOCSDICE 2003, May 26-28, 2003, Fürigen, Switzerland (2003), pp. 23-24.

[9] P.H. Handel, “Nature of 1/f Frequency Fluctuations in Quartz Crystal Resonators", Solid State Electron. 22, 875-876 (1979).

� EMBED Equation.3  ���





vg





en = (4kToRnf)1/2





� EMBED Equation.3  ���





Table II





Substrate  	RDS 		VDS/V     	fSR/R           	exp	  	theorQ1/f





HVPE	


	  STD3	  36		0.9		7.8E-11        	0.99E-5    	3.0E-5	(13)





Sapphire 	


	  STD7  20.5    		0.27		2.0E-11       	2.06E-5 		2.7E-5	(14)





SiC 


	  STD12 37.3		0.53		3.9E-13       	2.69E-7     	1.5E-7	(15)





	  STD4	  40.4	 	2.1		1.24E-12      	7.92E-7    	3.3E-6	(16)
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