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Abstracf- This work presents a new design methodology for inductively- 
degenerated cascode low-noise amplifiers using advanced epitaxial-base SiGe 
HBTs. Noise figure, gain, and IIP3 are calculated using calibrated linear circuit 
analysis and a Volterra series methodology as a function of the two major design 
variables: emitter geometry and biasing current. An optimum SiGe HBT LNA de- 
sign point which balances input impedance match, high IIP3, noise figure, gain, and 
power consumption is obtained from calculated noise figure, gain, and 11P3 con- 
tours as a function of bias current and geometry. Simplified analytical expressions 
of IIP3, gain, and noise figure are presented to give additional insight. The optimum 
LNA design point for the 50 GHz SiGe HBT process technology under study yields 
a 2 GHz LNA with 15.8 dBm IIP3, 18 dB gain, 1.15 dB noise figure, and’a lslll 
less than -20 dB for a biasing current of 7.5 mA. The calculated results show good 
agreement with HP Advanced-Design-System simulations. The design tradeoffs ll- 
luminated by this optimization methodology are highlighted and discussed. 

I. INTRODUCTION 

Low-noise amplifiers (LNA) are typically used in the first stage of an 
RF receiver to provide low-noise amplification. Besides providing gain 
while adding as little noise as possible, an LNA should minimize signal 
distortion, present a specific impedance (e.g., 50 Q) to the input source, 
and consume as small a power as possible. The purpose of this work 
is to explore the optimum LNA design that balances input impedance 
match, gain, noise figure, linearity, and power consumption for a state- 
of-the-art SiGe HBT technology. The circuit topology chosen is the 
popular inductively-degenerated cascade LNA (shown in Fig. 1). The 
devices were fabricated using a 50 GHz self-aligned, deep-trench iso- 
lated, epitaxial-base SiGe HBT technology [I]. The standard emitter 
stripe width is 0.5 pm for this technology and is held fixed for all de- 
signs. The measured transistor characteristics for a 0.5 x 20 x 2 pm* 
SiGe HBT are summarized in Table I. Fig. 2 shows the measured f~ 
and fmax as a function of collector current density Jc. 

TABLE1 
MEASURED SIGE HBT PARAMETERS FOR AE = 0.5 x 20 x 2 flrn*. 

mi 

II. DESIGNMETHODOLOGY 

Fig. 1 shows the schematic of the cascade amplifier [2]. The first am- 
plifier stage acts as a transconductor, .while the second amplifier stage 
produces a unity current gain. The nonlinearity of the circuit mainly 

Fig. 1. An inductively degenerated cascade LNA. I, and lb are used to match the input 
impedance to 50 R. 
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Fig. 2. Measured f~ and f,,,,, as a function of current density for a AE = 0.5x20x2 pm* 
transistor. 

results from the first stage. For a given bias current and device geom- 
etiy (emitter length), the values of emitter and base inductances are 
optimized to match a 50 Sz source impedance (R,). The large-signal 
circuit is linearized and solved using nodal analysis. The emitter and 
base inductances are first optimized numerically for input impedance 
match. Noise figure and gain are then calculated using standard linear 
circuit analysis. IIP3 is then calculated using a calibrated Volterra series 
based approach [3], which has the unique advantage of distinguishing 
the individual physical nonlinearities in the device compared to other 
methods. Each physical nonlinearity can be turned on or off individ- 
ually in the IIP3 calculation, providing a means of investigating the 
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cancellation between the different device nonlinearities. In all cases, 
the calculations are based on actual measured device parameters from 
this 50 GHz SiGe HBT technology, thus ensuring the predictive nature 
of this optimization methodology. The IIP3 calculation method is hr- 
ther verified by simulation results obtained using ADS. Fig. 3 shows 
the IIP3 versus biasing 1~ for a single transistor amplifier obtained us- 
ing our Volterra-series approach and ADS. At an input power less than 
-20 dBm, the error of calculated IIP3 is less than 0.05 dB, demonstiat- 
ing the good precision offered by our approach. 
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Fig. 3. III’3 as a function of bias current in a single transistor. AE = 0.5 x 20 x 2 pm*, 
V,, = 1 V. The tone spacing is 1 MHz. 
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Fig. 4. Comparison of the calculated Pa, versus P,,, at 2 GHz for a cascade LNA. 
AE = 0.5 x 20 Y 2 pml, I, = 7 mA, and V, = 1.5 V. The tone spacing is 1 MHz. 

Fig. 4 shows the calculated intermodulation output power as a func- 
tion of input power for an emitter length of 40 pm with a collector cur- 
rent of 7 mA at 2 GHz. The intermodulation result obtained with all of 
the transistor nonlinearities turned on is shown together with the results 
obtained by turning on the individual nonlinearitjes: g, (x) represents 
the nonlinear transconductance (1, - vc&. gk (0) represents the non- 
linear EB conductance (1~ - VBE), Ch (+), C& (0) and C,, (0) repre- 
sent the nonlinear emitter-base, collector-base, and collector-substmte 
capacitances, respectively. ’ 

Impact ionization and CB capacitance, the two dominant nonlinear- 
ities in a single transistor amplifier [3], are no longer the dominant dis- 
tortion mechanisms in this cascade amplifier. For the same supply volt- 
age, the VCB across both transistors is reduced compared to a single 
transistor amplifier, thus effectively suppressing the effects of impact 
ionization. The reduced Miller effect.of the cascade architecture helps 
to reduce the nonlinearity due to the CB capacitance. Therefore, the 

load dependence of IIP3 is weak, as expected. Moreover, the overall 

, third-order distortion output power is smaller than the distortion caused 
individually by g, (x), gbe (0) or Ck (+). As shown below, this is due 
to nonlinearity cancellation [4]. The degree of cancellation is both bias 
and geometry dependent. 

III. OPTIMIZATION 
To achieve an optimized LNA design which balances input 

impedance match, noise figure, gain, linearity, and power consump- 
tion, we have calculated the noise figure, gain, and linearity contours 
as a function of device emitter length and biasing current. For each 
emitter length and current bias combination, I, and lb are determined 
for input impedance matching by numerical optimization. IIP3, gain 
and noise figure are calculated using an in-house program written in 
MATLAB. 

The upper limit of the collector current is set by the power consump- 
tidn constraint. A frequency of 2 GHz was used in this optimization, 
but the approach is valid for all relevant RF frequencies. 

Noise figure contours (in dB) 
10 1 I 1 I 

g 
8 

1.4 1.4 

1.2 

a 
6 

d 7- 
1.2 1.6 

E 1.4 1.1 1.4 

9 6- 

2 
-5 
2 

Bh 

1.2 

8 
1.6 

%4 1.4 
2 

0 1.2 
3 1.1 1.1 

2 

2 
1. 

1.6 
3 

4 
1 
20 40 60 60 100 120 140 160 180 200 

Emitter Length (pm) 

Fig. 5. Noise figure contours as a function of emitter length and collector cumn1 for an 
input impedance matched LNA at 2 GHz. 

Fig. 5 shows noise figure contours as a function of emitter length and 
collector current. The noise figure is minimum at a collector current of 
about 4 mA and an emitter length of 60 pm. As shown below, this 
design point is optimum for noise figure, but is not, however, optimum 
for IIP3. 

Fig. 6 shows gain contours as a function of emitter length and collec- 
tor current. For a given gain requirement (e.g. 15 dBm), the collector 
current and emitter length should be located above the corresponding 
gain contour. Gain increases with current density because f~ and fmax 
increase with bias current. This occurs as transistor length decreases 
foi a fixed bias current or as bias current increases for a fixed transistor 
length. 

Fig. 7 shows IIP3 contours as a function of emitter length and col- 
lector current. The design space for NF 5 1.2 dB is within the 
dashed line, and the design space for gain > 15 dB is above the 
dash-dot line. Within the design space that meets both NF s 1.2 dB 
and gain 1 15 dB, IIP3 changes from approximately -5 dBm to 
15 dBm. The optimum design point for a maximum UP3 is emitter 
length = 80 pm and collector current = 7.5 mA. The maximum IIP3 is 
then above 15 dBm with a resultant noise figure of 1.15 dB. 
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Fig. 6. Gain contoura as a function of emitter length and collector current for an input 
impedance matched LNA at 2 GHz. 
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Fig. 7. IIP3 contours aa a function of emitter length and collector current for an input 
impedance matched LNA at 2 GHz. The dashed line is the noise figure contour at 
1.2 dB, and the dash-dot line is the gain contour at 15 dB. 

In contrast, IIP3 at the design point optimum for noise figure (1~ = 
4 mA, emitter length= 60 pm) is only 0 dBm. The design point op- 
timum for IIP3 is a better choice, because noise figure is still near its 
minimum, while IIP3 is significantly higher (by 15 dBm). The dis- 
advantage of this approach, however, is that the required bias current 
is 3.5 mA higher. For an optimized design (80 pm and 7.5 mA), the 
resultant ZIP3 = 15.8 dBm, gain = 18 dB, NF = 1.15 dB, and 
Is1 11 < -20 dB. If the power consumption constraint is tightened to 
Zc 2 5.5 mA, an IIP3 of 5 dBm can be obtained at 1~ = 5.5 mA, 
emitter length= 50 pm, with a near minimum noise figure of 1.08 dB. 

IV. DISCUSSION 

To gain a better insight into the impact of emitter length and Ic on 
LNA design, new forms of analytical equations for IIP3, gain, and noise 
figure are derived. Distortion cancellation, which dominates IIP3, is 
written as an explicit expression. Noise figure is decomposed into three 
terms which better demonstrate the impact of emitter length and 1~. 
The first-order derivations assume the. condition of an input-impedance 
matched cascade structure. 

For the present analysis, the first stage of the cascade structure can 
be simplified, as shown in Fig. 8. First, the approximated values of I, 
and lb for the input-impedance match are 

& I, N -- 2~h-(llgbe -R,) 
2nfT 09p2 

, 
b 

2: 2~fdl/&-Rs) -, 
02P 

c 

(1) 

, N 2Xfdl/&-Rs) & 
b -- 

02B 2xfT 
(2) 

where o = 2xf is the operation frequency. gk is neglected in the tradi- 
tional input impedance matching equations, assuming 1 << @/hfT 
and R, << l/gk. This assumption, however, is no longer valid here 
because fT is much higher than the operational frequency for SiGe. 

-.-.-. 

Fig. 8. Simplified circuit for the first stage of cascade LNA. 

The third-order intermodulation can be derived under the assumption 
that nonlinearities due to C,,, impact ionization, and CB capacitance 
are negligible. Applying Volterra series to the simplified circuit, one 
finds 

IM3z $C(s,, s&L(s)41 - G(2sl) - 2G(sl - 4) 
I 

(3) 

where sl = jwl, s2 = jo2, and C(s) are 

Ch,sz) = 
1 

~'Vi~,l(~l)'Vln,l(--S2) 

W 
(4) 

N -&v~&‘)I (5) 
I 

where v,,,~ is the 1st order AC voltage on the EB junction, and 

L(s) = 
I+K(s).G(s) 

k 
(6) 

where L(s) is proportional to the current gain G(s) at frequency s, and 
where 

G(s) = 
A(s)*& 

B(s) + A(s).lc 
(7) 

(8) 

A(s) = 
1 

( > 
S’Tf + - 

P 
. (Z,(s) + Z(s)) + Z,(s) (9) 

B(s) = v, . [l + S.C,,(Zb(S) + Z,(s))1 (10) 
i&(S) = db + R, (11) 

Z,(s) = PI, (12) 
C(s,, ~2) and L(s) are monotonic functions of emitter length and 1~. 
The peak IIP3 is obtained while varying the emitter length or 1~ as 
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the cancellation term I(1 - G(2s,) - 2G(As))l is minimized. Fig. 9 
shows the three terms: JC(sl, 4, IL(2sl - ~4, and I(1 - G(2sl) - 
2G(As))l together with total IM3, and IIP3 for the input-impedapce 
matched amplifier. The minimum value of the cancellation term, IM3, 
and the maximum IIP3 occur at the same value of Zc. meaning that the 
cancellation term dominates IM3. 
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Fig. 9. IM3, IIP3, and the 3 component terms as a function of Ic in the inpkimpedance 
matched mode. 

The gain of the input impedance matched cascade LNA can be de- 
rived under the assumption that the CB capacitance in the first stage is 
negligible and the current gain of the common-base stage is close to 
unity at.2 GHz. Since the input impedance is matched to the source re- 
sistance R,, the current injected into the EB junction is constant. Thus, 
the current gain of the circuit is equal to 

he a 

gk + iwch = 1 + jwp/2xfT 
and the power gain can be written as 

G= P2Rhd 
[l + (wP/2afT)12Rs (13) 

At low injection, as jc increases, f~ increases, and thus the gain in- 
creases. Hence gain increases with increasing ZC and fixed emitter 
length, and decreases with increasing emitter length and fixed ZC, is 
expected. 

A simplified noise model can be obtained based on the assumption 
that the base resistance (the base resistance is considered only as a ther- 
mal noise source), CB capacitance of the first stage, and the Early effect 
are negligible. The noise contributed by the shot noise source &, ic and 
thermal noise source j,$ can be written as 

NF = IO IOg,o(l + flib + ni, + flvb) (14) 

(13 (gaRd2 + [B(l - &&)I2 nib = 
%rJL 

ni, = 
4(gb,R,)’ + [gb,R,/B + B(1 - gbeR,)12 

&nR, 
(16) 

where nib, fli, and nvb are the ratios of the output power caused by 76, Tc 
and +b to the output power caused by thermal noise vs. B = 2lcfT/w/% 
Under a power consumption limitation, Zc normally is less than 10 mA, 
meaning gb,RS << 1. Rewriting the equation above, one obtains 

b&)2 + B2 
nib = 

tti, = ‘QdW2 + t&&/B + Bl’ 
&nRs (19) 

rb 
nvb = 

R, 
(20) 

At low injection conditions and 2 GHz operational frequency, B -c-c 1. 
B is an increasing function of jc, gk and g, are increasing functions of 
ZC, and rb is a decreasing function of emitter length. For the condition 
of varying ZC and fixed emitter length: 1) we see that for small I,-. ni, 
dominates the noise figure, and decreases as ZC increases; 2) at larger 
ZC, nib dominates the noise figure, and increases as ZC increases. For 
the condition of varying emitter length and fixed ZC: 1) we see that 
for small emitter length nrb dominates the noise figure, and decreases 
as emitter length increases; 2) at larger ni, dominates noise figure, and 
increases as emitter length increases. Thus the emitter length and ZC 
value for minimum noise figure can be obtained by using the equations 
above. 

‘Our analytical equations nicely capture the results calculated by nu- 
merical method describe above. Fig. 10 shows the IIP3 as a function ZC 
calculated by both our numerical method and analytical equations. A 
good agreement between these two methods is achieved. Based on the 
analytical equations, one can thus roughly locate the optimum design 
point without complex computations. 
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Fig. 10. IIP3 as a function of 1~ with emitter length of 40 pm at 2 GHz, calculated using 
numerical and analytical methods. 
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