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Abstract—This paper presents a new general technique for
analysis of noise in static log-domain trandlinear circuits. It is
demonstrated that employing this technique, leads to a general,
simple and routine method of the noise analysis. . The circuit has
been smulated by HSPICE. The simulation results are seen to
conform to the theoretica analysis and shows benefits of the
proposed circuit.
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I. INTRODUCTION

THE continuing trend toward low voltage/power circuits has
increased the interest of researchers in the applications of
log domain [1-3] and other types [4-5] of companding
(compressing/ expanding) techniques. In a system employing
companding, the dynamic range of a signa is different at
various points of the signal path and input-output current
relationship is linear, even though the system is internaly
nonlinear. Thus, the main advantage of these systems is that
they offer large dynamic range because of voltage swing
reduction at internal nodes. The nonlinear internal nodes lead
to an unusual behaviour with respect to the noise. In addition,
because of the large signal behaviour of the circuit, the noises
are non-stationary. A noise analysis method for static log
domain tranglinear circuits have been reported by Roermund et
a. [6].In this method noise analysis has been done for some
specia cases of static circuits. In present work a new general
noise analysis technique for translinear circuits, in which the
noise of each individua transistor can be transferred to the
output node, is presented. The paper organized as follows: In
section |1, the basic principle of operation of log domain
trandinear circuit and definition of autocorrelation and power
spectral density is presented, in section |11 a new general noise
analysis for static translinear circuits is discussed, in section
1V the proposed analysis method is applied for three examples,
then simulation results are discussed in section V and
concluding remarks are provided in section VI.
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II. BASIC PRINCIPLE

A. Log Domain Trandlinear Circuits

In general, the main scenario of alog domain circuit is that
its signals are externally linear in current domain, but
internally compressed and nonlinear in voltage domain.
Transistors are good choice for log domain because the |-V
relationship of bipolar transistors and MOS transistors in weak
wwersion region is defined as

\Y

o=
l=lge T D
where | ¢ is a specific current parameter of the semiconductor

device, U; is thermal potential, | is the collector current of

bipolar, or drain current of MOS transistor and V is the base-
emitter voltage of bipolar or gate-source voltage of MOS
transistor

The main Kirchoff’s voltage law (KVL) equation of N
series voltages v1, v2,..., vn of the base-emitter voltages of
bipolar [1] or the gate-source voltages of MOS transistors [7]
in atranglinear loop, as shown in figurel, can be expressed as:

N
D 4V, =0. 2
k=1

To write above equation in terms of sum of logs, (1) is
substituted into (2) that yields

N
Ziln(lk):o ©)
k=1

Assuming that w,,, is the number of output current repeats
andw is the number of current |, repeats in translinear loop,
and with the aim of solving (3) for the output current |, , the
eguation can be rearranged as

Wog IN(1 o) = D_F Wi In(ly ). (4
k=1

Then the final translinear equation in the absence of noise
sources is given by
W

lout|, = H | k+ Wou (5)
k=1

where Iout\ NL denotes the noiseless output current.
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Fig. 1 A BJT trandinear loop (up) and
aMOS translinear loop (down)
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B. Autocorrelation and Power Spectral Density
In current-mode systems in the presence of noise, the output
current |, can be divided into three components:

deterministic component C(t), signal component SG(t) and a
noise component T(t) defined as[8]:

C(t) = E[l o ]§,ﬁ O
SG(t)= Efl o ]-C(1) (7)
T(t) =1 (t)- SG(t)-C(t) G)

where s denotes the vector of input signals, nthe vector of
noise sources and E[.] the mathematical expectation. Also the
autocorrelation R (1, t) of signal X (t) is defined as

R (z,t) = E[X(£)X(t +7)] ©

and the time dependent frequency spectrum of generalized
non-stationary signals S (o, t) is obtained by calculating the
Fourier transform of an autocorrelation function R (t, t) with
respect to the variable T as follows[9]

S (@, 1) = f "Rz, tyeiendr (10)

Since signals C(t), SIG(t) and T(t) are completely
uncorrelated the autocorrelation functionsR . (, t), Rg5 (7, 1)
and R (1, t), and power spectral density functions S . (o, t),

Sgg(m, 1) and S (w, t) can be calculated directly.

The dominant noise source of the bipolar or weak inversion
MOS transistor, is shot noise, that its autocorrelation is given

by
R (z.t)=ql (t)s(t) (12)

where q is the unity charge, i, is the current noise source and
I (t) isthe collector or drain current.

Using (10) the double-sided power spectral density function
of shot noiseisgiven by [9]

S, (@t)=al; . (12)

In non-stationary noises, each separate noise term in T(t),

denoted by T(t),consists of a noise current source

ink(t) multiplied by a noise free time dependent factor

G (t) ,.where all these separate noise sources are uncorrelated.

Thus, using (9), (10) and (11) the power spectral density of

T, (t) becomes[9]

Sy, (@,t)= al Gy (13)

The signal to noise ration (SNR) can be obtained by time
averaging of Sq (o, 1) and St (o, ¢), followed by adivision.

[11. ANALYSIS OF NOISE OF STATIC TRANSLINEAR CIRCUITS

Shot noise represented by current source can be easily
incorporated in the trandinear loop equation. Figure 1 shows a
BJT and a MOS transistor that are biased with collector and
drain current 1(t) and accompanied by a shot noise

sourcei . (t) .

I(t) I(t)
Qq._ My
“%in — %in

Fig. 2 BJT and MOS transistors, in presence of noise

In the presence of the noise, (4) can be rewritten as

Woutln(lout+in,out):Z¢Wk|n(|k+in,k) (14)
k=1

Since current noise in each transistor is much smaller than
its current bias (i, (t) <<l,) applying first-order Tylor
approximation for each term of right hand side results

IN(l oy +in o) = ln(lk)+'|”—'k (15)

k
Substituting (15) into (13) gives

Wout ln(l out T in,out) =

Z+W{In(lk)+—} (16)

Assuming that
i
D <D In(1) 17)
k=1 I k=1

and solving (16) forl then using first-order Taylor

out ?

X+dx

approximation ase **®= e* (1+ dx) results
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e | Wkin,k .
Lo = [T 1, e 17 > =i (18)
k=1 out k=1 'k

Rearranging and substituting (5) into (18) gives

Lo = Iout|N|_ +

! out| i [

out|NL | — n,k n,out

] (19
k=1 k

Wout I out | NL

The first term of the right hand side of the equation
indicates the noiseless output current and second term
indicates equivalent output noise component that can be
represented, respectively by (20) and (21):

S(t)+C(t) = | (20)

out|N|_

i
T(t) = out|N|_ [_ ZWk Wout X n.out J .

out out | NL

(21
To obtain some intuition about (21), it can be noticed that:
A)lIn case of w,, =w, =1, the noise current source i, of each
transistor in trandinear loop with bias current |, can be

transferred to the output by division of noise source to the bias
current of that transistor and multiplication of the result by the
noiseless output current.

B) With the existence of repeated output currentw,,,
transferred noise will be divided by this factor.
C) The total transferred noise of W, transistors with bias

the

current I, is W, times of each single transistor.

The main advantage of (21) is that, in spite of the fact that
tranglinear circuits are internally nonlinear, it offers a general
equivalent output referred noise for al transistors noises. It
should be pointed out that this method covers the results of
especial cases givenin [6].

All terms of (21) are mutually independent, therefore the
autocorrelation of T(t) is given by

R () ;(W\:ﬁ)z ) mﬁfnk 0 ij R (@)
and power spe;ctral density of T (t) is expressed as
[ AW W] _a (23)
Sl =| 2 P

V. EXAMPLES
This section applies the proposed noise analysis method for
three circuits containing static translinear loop.
A. Sguare Circuit

Considering the square circuit of figure 3[6], that contains a
trandinear loop, and using (5), the output-input relationship in
the absence of noiseis given by

Iout|NL

— (Iin)2 (24)
Ip

where I0m|NL,IinandIbare noiseless output current, input

current and bias current, respectively.
Applying (20) and (21) to this circuit gives

(I in )2 (25)

S(t) +C(t) = IouthL = I
b

2in,1 in,3 in,4
T(t)zlouthL{T_I__l | -
in b out | NI

2.
b b

VCC

Fig.3 The square circuit in presence of current noise sources

Using (23) the power spectral density of the total output
noise T (t) isfound to be

N

12 lin 1o Iy

20,2 () lin )?
Sr(a),t)=Q|: (Ilg) Jr( ;n3) :|+ q( |n) (27)
b b b
It should be pointed out that these results are the same as
reported in [6].
B. AMOSTrandlinear Circuit
In this section the proposed method is applied for the
sample MOS trandlinear circuit of figure 4. In this circuit by
having MOS transistors in weak inversion region, the analysis

of the circuit shows that the following relation exists between
the input and output currents:

—

3
— (l in) . (32)
I b
Using (21), the total output noise is obtained by

out | NL

T = Lot [ﬁ—i“—'z— Zna ] (@)

2 I in I b I out | NL
Substituting (32) into (33) gives
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(1, (Bine Tnz 2ina VI. CONCLUSION

T®= 21, | 1, _T_ I | (34) A genera method for the noise analysis of the static
. " OIN trandlinear loop circuits has been presented, that leads to
And applying (23) the power spectral density is given by representation of the power spectral density of the equivalent
1 output noise. The only assumption made is that the noiseis
: (9
Sr(a)t)=9(lin) i_'_i +ﬂ Ain/_
R S T PR T Iy “small,” the assumption that is valid for practical circuits.
38
2
Sr(on-d) dn. o A5 (3) N ,
alr, gt - £
¢ a
VDD . e
Iin .
&

Iout :
[

M5 |-- na f
%in5 [Ivs

Fig. 4 A MOS trangdlinear circuit in presence of current noise sources ) . . .
Fig. 5 Simulated and calculated noise transfer function
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The simulation results together with the calculated results of
(37) are shown in figure 5. The figure demonstrates the
validity of the proposed noise analysis.
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