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Abstract-A noise analysis of bipolar harmonic mixer (BH- 
MIX) for use with direct conversion receiver mixers is presented. 
The optimal conditions (LO amplitude, total collector current) of 
using BHMIX are given. This analysis considers thermal noise 
from base resistance and shot noise from collector current. These 
noises are treated as amplitude modulated white noises, which are 
characterized as cyclostationary noise. Assuming that input FtF 
signal is very small, the BHMIX circuit is modeled as LO driven 
linear time varying circuit to calculate dependence of output noise 
on the LO amplitude. The analysis agreed well with measured 
data. 

I. INTRODUCTION 

Even harmonic type of mixers (EHMIX) have been drawing 
much attention, because it is free from self mixing, in princi- 
ple, when it is used in a direct conversion receiver. A bipolar 
harmonic mixer (BHMIX) is a kind of EHMIX, which uses a 
bipolar differential pair as a harmonic mixer core[ 11. 

We have presented BHMIX's nonlinear analysis for conver- 
sion gain, third and second order input intercept points (IIP3 
and IIP2) due to offset of bipolar differential pair[2]. However, 
there is very few report on its noise analysis. We have found 
only a reference reporting a noise analysis of the BHMIX under 
some simplifying assumptions[3]. This paper succeeded qual- 
itatively to explain signal-to-noise ratio (SNR) dependence on 
local oscillator (LO) signal drive; however, the analysis does 
not take folding effect into account for collector shot noises. 

In this paper, we present a complete noise analysis of BHMIX 
considering thermal noise of base resistances and collector shot 
noise with an assumption of static hypertangent input/output 
transfer characteristic for the bipolar differential pair. 

11. NOISE ANALYSIS OF BHMIX 

Figure 1 shows a circuit diagram of the BHMIX in its sim- 
plest form. Usually, either LO signal or RF signal is fed in a 
balanced signal by using two identical differential pairs, in or- 
der to avoid even-harmonic intermodulation distortions due to 
finite common-mode signal rejection[ 11. However, we analyze 
the circuit of Fig. 1 for simplicity, assuming perfect balance of 
the differential pair. 

In the noise analysis of a mixer, we have to consider time 
varying nature of the output noises, unlike linear circuits as 
LNA etc., because the mixer is a nonlinear time-varying cir- 
cuit. This means that the output noises are nonstationary, and 
we cannot directly make use of familiar linear noise analysis 
techniques. However, the noise sources are very small com- 
pared to the periodic LO drive signal, we can model the mixer 
as a linear periodically time varying (LPTV) circuit[4]. In addi- 
tion, both thermal noise and shot noise outputs are modeled by 
periodically modulated stationary noises, i. e, cyclostationary 

Fig. 1. Bipolar harmonic mixer circuit (principle). 

noises[5]. 
The output signal V,,, in Fig. 1 contains several major noise 

contributions; i. e, thermal noise from base resistances, rb, and 
collector shot noises of Q I  and 4 2 .  Thermal noises of the load 
resistors RL, base shot noises of Ql and Q2, and the noise from 
the tail current IQ are ignored for simplicity. 

The equivalent input thermal noise voltage of rb at the base 
terminal in Fig. 1 is constant; however, corresponding out- 
put noise can be modeled as a modulated version of white 
noise, because the gain of the differential amplifier periodically 
changes with the LO drive signal. 

The collector shot noise produced by a constant bias current 
is a stationary white noise. For the BHMIX case, in contrast, 
the collector bias current is not constant but varies with the LO 
drive signal. Assuming that the noise generating mechanisms 
are very much faster than the LO drive signal frequency, we 
can model the output noise by an amplitude modulated white 
noise[5]. Hence, the collector shot noise may also be modeled 
by an amplitude modulated stationary white noise with time 
varying envelope in our case. 

As the output noises are small, we can calculate the noise 
outputs from small-signal equivalent circuit shown in Fig. 2 as 
usual; however, the small signal quantities in Fig. 2 are not 
constant, because Q1 and 4 2  are nonlinear devices and their 
operating points are periodically changing with the differential 
input voltage: 

VRF - VLO (1 - tanh - 
2 VT 

Zc2 = 

where, a~ = 1 is a forward current gain of a common base 
transistor, VT = kT/q  is the thermal voltage with Rs neglected. 
Using those collector current values with VRF = 0, transcon- 
ductances and input impedances are obtained by 

g m i  = ICi/vT,  rm =PF/grni, (i = 1 , 2 ) ~  ( 2 )  

where, PF >> 1 is a forward current gain of a common emitter 
transistor. 
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Fig. 2.  Small-signal equivalent circuit for BHMIX 

A. Noise Spectrum of Amplitude Modulated White Noise 

following expressions for time and frequency domain: 
An amplitude modulated white noise can be modeled by the 

7 
inoise(t) = a(t)  x w(t) e Inoise(u) = A ( u )  * W ( u ) ,  ( 3 )  

where a(?) is a modulating function (envelope), w(t) denotes a 
formal white noise in time domain, and the upper case func- 
tions are Fourier transforms of corresponding lower case time 
functions, and * denotes convolution. Since the envelope a(t) 
is a positive T-periodic function, where T = 2rr/w~o,  it can be 
represented as a Fourier series: 

where, wLo is an angular frequency of the LO signal, and 
+TI2 

c , = ’ s  a(t)  e-jnwLordt. ( 5 )  
T -TI2 

Thus, we have 
I- A m  T I  , -  

Inoise(u) = cnS(w-nuLo)*W(w) = C c ~ W ( ~ ~ L O ) .  (6) 
,=--a) n=-cx 

This indicates that the resulting noise spectrum is white again, 
as W(w) = 1 is constant over an entire frequency range. Using 
the Parseval’s theorem, the noise power is given by 

Assuming that the shot noise and thermal noise are very small 
compared to the LO signal, and have no correlation with each 
other, we can calculate the total output noise simply adding 
them by rms way. Before doing this, we must calculate their 
envelopes next. 

B. Output Shot Noise Envelope 

As Ishot changes with instantaneous Lo signal drive, x(t) ,  we 
calculate Ishot as a function of x and ZQ. 

In Fig. 2, Ishoti = m, (i = 1,2) are collector shot noise 
sources. The output noise component of shot noise is obtained 
by solving the nodal equation for Fig. 2 with Vinl = x and 
v n 2  = 0: 

- 
‘:hot = (1 +PF)*  

qzQ sech’ (1 + cosh 6 + ~ P F  + 2P;) 
(8) 

=z 2ql~sech’  @F >> 1) (9) 
2 VT 

where, q is a charge of an electron, VT = k T / q  is the thermal 
voltage, k is Boltzmann constant, T is an absolute temperature. 

Equation (8) indicates that the output shot noise amplitude is 
an even function of x.  

thermal noise ,, \, 
-/ ‘.- 

LO drive voltage x [VI 
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Fig. 3. Output noise power density vs. LO drive voltage. Calculated for I Q  = 
0.1 [mAl, and rb  = 50 [Q], VLO = 50 [mV]. 
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Fig. 4. Envelopes of modulated shot noise and thermal noise. Calculated for 
IQ = 2 [mA], and rb = 50 [a], VLO = 50 [mVl. 

C. Output Thermal Noise Envelope 

We consider thermal noise of only base resistance rb for sim- 
plicity. Putting equivalent thermal noise generators Vthl and 
vth, in series with base terminals, then neglect rb. This is be- 
cause % << r, holds in most cases. Vthl and Vth2 have rms 
voltage of each at the input. In order to compare con- 
tribution of thermal noise with shot noise, thermal noise needs 
to be referred to output current I t h e m a l .  

Small signal transconductance gm at operating point Vinl is 
given by 

Here, CYF is assumed to be unity and is dropped. Now, the output 
rms thermal noise is given by: 

I:he,,a,=8kTn.,xgm2 = wZ:sec4($- ) .  (11) 
VT 

- This also is an even function of x. 

Comparing (1 1) with (8), we notice that while shot noise I:hot 
is proportional to I Q ,  thermal noise is proportional to Z& 
This indicates that the thermal noise dominates over the shot 
noise as ZQ becomes larger. 

Figure 3 shows an example of the relation between output 
noise power density and static LO drive voltage x.  

D. Output Noise as a Function of LO Amplitude 

Figure 4 shows envelope examples for the shot noise and the 
thermal noise at the output terminal, where sinusoidal LO sig- 
nal, 

x ( t )  = VLO s i n u ~ o t ,  (12) 

is applied to the BHMIX. 
Fourier coefficients cn are calculated for (8) and (1 l), by nu- 

merically integrating (5). Then, l ~ , [ ~  is accumulated until rel- 
ative error of the sum becomes less than For example, 
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Fig. 5. Output noise power densities versus LO drive amplitude. Calculated for 
IQ = 2 [mA], and rb = 50 [Q]. 

the sum was taken up to n = 50 for VLO = 1 [VI. Smaller VLO 
values need much less terms. Here, pF = 100 was assumed for 
shot noise calculation. Note that 
andPF, so that we need not to recalculate them for various bias 
conditions. 

Reference [3] calculated only (col for shot noise component, 
while C Ic,l2 was calculated for thermal noise of rb.  Thus it 
may under estimate the total noise power. 

Figure 5 shows an example of the result for a realistic condi- 
tion; i. e, l ~ = 2  [mA] and rb = 50 [a] .  Thermal noise compo- 
nent is dominant over shot noise component in the total noise 
power in this condition. 

lc,I2 values scale with ZQ, 

111. EQUIVALENT INPUT NOISE AND NOISE FIGURE 

Equivalent input noise Vneq can be calculated by converting 
the total output noise back into the input terminal voltage. This 
requires a knowledge of conversion gain dependence on LO 
signal amplitude for the BHMIX. We can calculate the small 
signal conversion gain by the procedure given in Appendix. 
See [2] for detail. Resulting normalized conversion gain, q, 
is plotted in Fig. 8 to the normalized LO signal amplitude. 

Because the normalized conversion gain, q, is defined by 

where VRF is a RF signal amplitude, Vneq can be calculated by 

1 2VT 
Vneq = -- Intotal, 

I? QFIQ 

where, Intotal stands for the total output noise current value 
(rms). 

Once the equivalent input noise Vneq is calculated, this noise 
source resides in series with base terminal at the input of the 
BHMIX; thus, Vneq can be directly compared with a thermal 
noise voltage of the signal source impedance R s .  Thus, noise 
figure, NF, can readily be calculated by the following equation: 

Figure 6 shows some calculated NF curves for various IQ val- 
ues. This clearly indicates that the minimum NF occurs around 
VLO = 0.15 [VI. These were calculated for = 50 [Sz]; how- 
ever, shot noise component dominates for IQ = 100 IjlA], and 
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Fig. 6.  Calculated relation between noise figure and LO amplitude for various 
IQ (rb = 50 [Ql). 

thermal noise component dominates for IQ > 1 [mA] cases. 
Therefore, LO amplitude of VLO = 0.15 [VI is concluded to be 
the optimal operating point from NF point of view. 

From Fig. 6, we see that NF improvement saturates with IQ. 
So, practical limit of IQ may be around several milliamperes, 
considering power dissipation. 

IV. COMPARISON WITH MEASURED DATA 

Calculated noise by using the proposed method is compared 
with a measured data. The measured data are taken from [6]. 
The measured circuit consists of two identical BHMIX’s to 
form a single balanced mixer. The RF input is divided in two 
and down converted by two identical BHMIX’s and the outputs 
are combined into one at the output. Thus, the NF value must 
be the same for a single BHMIX. 

The BHMIX chip was fabricated by using a bipolar process 
with f~ = 20 [GHz], and its input impedance for LO port is 
25 [Cl] (single ended), and RF port impedance is 50 [Sz] (bal- 
anced). As the mixer was designed for use with PHS system, 
the RF frequency is about 2 [GHz] so that the LO frequency is 
1 [GHz]. Its supply current was 5 [mA] including bias cir- 
cuitry161. Estimated parameter values from the description, 
IQ = 2 [mA] and rb = 50 [a] ,  were used for theoretical cal- 
culations in this section. 

The calculated equivalent input noise voltage by our method 
is overlaid on the measured data in Fig. 7. Also, calculated Vneq 
by the method of [3] is plotted on it. Measured and calculated 
results fit fairly well, but our method fits better. As it is pre- 
dicted, method in [3] gives 2 to 4 [dB] lower estimate due to 
excluding the folding effect in shot noise calculation for large 
LO amplitude. Both methods match the measured result very 
well for low LO signal level region. This is because the thermal 
noise dominates in this region for I Q  = 2 [mA]. 

Our proposed analysis method agreed very well with the mea- 
sured data at a very high frequency, 2 [GHz], even though it 
assumes only static nonlinearity. 

V. CONCLUSION 

A noise analysis method is proposed for bipolar harmonic 
mixer for use with direct conversion receivers. Thermal noise 
and shot noise are modeled as amplitude modulated white 
noises, which are treated as cyclostationary noises. The anal- 
ysis can include all the folding noises from high frequencies. 
The total output noise can be calculated by weighting and sum- 
ming two universal output noise curves, once tail current I Q ,  
base resistance Q, and / 3 ~  are given. The measured noise and 
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Fig. 8. Normalized conversion gain for BHMIX. 

Fig. 7. Comparison of measured noise data[ I ]  and analysis results. Calculated 
for IQ = 2 [mA], and Tb = 50 [ a l .  

calculated noise agrees very well even though the method as- 
sumes only static nonlinearity. The optimal LO signal drive 
amplitude is determined to be about VLO = 0.15 [VI. It has 
been clarified that the thermal noise of base resistance domi- 
nates over shot noise for typical operation conditions. 

When there is no RF input signal, only an LO signal 

x(t) = VLO cos WLOt (20) 

is input, an output yo is 

yo = tanh( VLO cos uLot). (21) 

When a small RF signal Ax is present beside the LO signal, 
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APPENDIX 

Analysis of the conversion gain for BHMIX is explained here. 
The input/output relation of the differential pair can be de- 
scribed by the following equation: 

ay0 
% yo + -AX. 

d X  

This is an even function of LO signal, so that it is a periodic 
function with a fundamental frequency of 2 ~ ~ 0 .  

As we are considering the BHMIX as a direct conversion 
down converter, the Fourier coefficient IC$ for (25) becomes 
the conversion gain, 7. Figure 8 shows a conversion gain ver- 
sus LO amplitude. From Fig. 8, the largest conversion gain 
occurs around VL0/(2V=) Y 2, i. e, VL, z 100 [mV]. 

where, 

To simplify (16), introduce normalized variables: 

Vdiff = vini - Vin2. (17) 

)’ E IdifF/(aFIQ), x E Vdilf/(2vT, (1  8) 

Now (1 6) becomes 
y = tanhx. 
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