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Noise Analysis of Analog Correlator
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Abgtract : A noise model for the analog correlator used in the ultra wideband receiversis proposed due to lack of snr

ulation capability on noise performance of the correlator in current EDA tools. The analog correlator circuit is divided

into several parts to calculate the equivalent noise sources respectively. The ideal impul se generators ,instead of the

noise sources ,are then applied to obtain the time varying transfer functions. Fourier trandorms are carried out to ex-

plore the relationship between the noise input and output in frequency domain for each part. Then the symmetrical

noi se sources are grouped together and the periodicity of the circuit is utilized to further smplify the model. This

model can be used to evaluate noise performance of the correlator.
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1 Introduction

Ultra wideband (UWB) communication sys
tems which use modulated short impulsesin their
physcal layer have been drawing increasng atten-
tion in recent years. They transmit information
through short pulses in contrast with traditional
wireless communication systems using s nusoidal
carriers. Fewer components and hence less power
consumption are required for the front-end ,
where a correlator is an indispensable component
for signal detection in the receiver’™. A new 3
10GHz analog correlator ,congsting of a standard
Glbert cell and a load capacitor ,was described in
Ref.[3]. In order to estimate the noise figure of
the circuit ,a new noise model has been developed
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because currently there is no EDA tool which can
smulate the noise performance of analog correla
tor. The noise model is based on the theory of the
linear time-varying (L TV) systems. The symmet-
rical and differential structure of the circuit is ex-
plored in the model. The quas-periodicity of the
circuit inone symbol isal s utilized to further sinr
plify the model.

2 Correlator

Correlation is an effective technique to detect
the presence of sgnas with known waveforms in
noisy background,especially in pulsecommunicear
tion systems™ . The design of the correlator carry-
ing out this task has been given in Ref. [3]. The
cross correlation function can be described as f =
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J':_:”RF(t)LO(t) dt, where LO (t) is the local
template sgnal ,RF(t)is the input radio frequency
sgnal of the correlator ,and T istheintegration pe-
riod. The schematic of the correlator is shown in
Fig. 1,including a pre-distortion (PD) circuit,a
Glbert cell (GC) ,and a common mode feedback
(CMFB). The PD and GC multiply RF and LO and
then integrate the result via a capacitor. The circuit
is desgned based on IBM 0. 24 m SGe BICMOS
technology ,which has 47GHz of highest transent
frequency frfor npn HBT trandstors.

Fig.1 Schematic of correlator

3  Noise modd

3.1 Theory

AsthelL O sgnal changeswith time ,the corre-
lator can be treated asa L TV system. The relation
between theinput and output of aL TV systemis®

y (1) :J'_ h(tT) x@)d , where h(tT) is the re-
sponse excited by an impulse launched at timeT ,
x(t) and y(t) represent the input and output ,re-
spectively. In the frequency domain, the relation
can be described by

0

Y @) =I_wH(w,m)X(m)(m (1)
where H@@®) = ;I:I_wmh(t,r)eﬂ‘ e¥d d,

X(@) and Y() arethe Fourier trandformsof x(t)
and y(t) ,respectively.

3.1.1 Single input port

If a stationary stochastic process is applied at
the input of a periodical L TV system ,theoutputis
cyclostationary. Thereby the randomly shifted
process of the output isa stationary process ,whose
power spectrum density (PSD) can be used to de
scribe the gpectrum property of
process. Although the L O signal is not periodical in
terms of pulse,it is periodical in terms of symbol.
Therefore the theory of a periodical L TV system
can still be applied for the correlator. By Eqg. (1) ,
the noise PSD of the output can be derived as™

the output

S = L| Ho (@) |?S@ + 100s) (2)

where S (w) stands for the PSD of the input
urce, H, (W) is the two-dimensona Fourier
trandform of the impulse response h(t,T) and is
given by

0 TS . .
H, (W) :J’_ [_$I° g(t,T)e'J“"s‘d] e Mdt,

0<T £ Ts (3)
g(tT) = h(t+T 1), Ts denotes symbol period (@s
=21/ Ts). The physical representation of g(tI) is
the impul se response observed at a relative time &f-
ter the launch of the impulse at timeT .

An example of the waveform of the LO sgnal
isillustrated in Fig.2 ,where it is composed of sev-
eral podtive and negative pulses (chips) ,and Ts
and T. denote the symbol and chip period,respec-
tively. The value of the chips (1:postive pulse,0:
negative pulse) in one symbol is determined by the
predefined spreading codes. Let t: and t. denote any
two time points when the pulses of the LO signal
have the same polarity. If | 1 - tz| isintegra times
of T ,asshownin Fig.2 ,the coefficient matrices of
the state variable equation (SV E) have the same
value at 1 and t2 ,which has been proved in the Ap-
pendix. Based on the above conclusons, the im-
pulse response g(t,T) can be divided into severa
independent impul se responses alongT axis,corre
sponding to every pulse (chip) of the LO signal in
one symbol. Therefore g(tI) can be expressed as

g(tr) = ng+ (tT - KkTe) + Zg- (tT - kTe),
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where both A and A are integer sets which stand
for the indicesfor podtive pul ses and negative pul-
sesin one symbol ,respectively. Let N denote the
spreading factor in direct-sequence UWB system ,i.
e. N = Td Te,then ANA={0,1, ,N- 1} and k

{0,1, ,N - 1}. If the stimulation impulse is
launched when the chip value of the LO signal is1
or 0 ,theimpul se response of the correlator is deno-
ted by g- (tI') or g- (tT') ,respectively ,as shown
in Fig. 2.1 istheimpulselaunch timeand g: (tT ')
= Owhent <0ort 2 T..

LO
0 nl 0 T 0 1 0
AL A il
° T LA
7 ’ tz/
Al Impulse ¢ AL )
g7 g7
[s) o (¢] //
T’ T} t

FHg.2 Waveormof LO sgna

Therefore the Fourier trandorm of g(tT) in
terms of time t can al 0 be derived according to the
different value of T ,shown by the following equa

tion G7JI) = Za WFr - kTe) + ZG (O

- kTe) , where G (w,T') and G. (W) are the
Fourier trandormsof g« (tT) and g- (tT1) re
spectively. If we change theintegral order of t andT
in Eg. (3) and use the above equation ,we obtain

Ho@) =Y. Se'™sT +y. Ye!™s (4
kZ kZ

where both Y. and Y. are functions of integer n
andw,

Ts
3.1.2 Symmetrical input ports
Because the correlator has a symmetrical
structure and operatesin differential mode'™ it can
be modeled as afour-port network shownin Fig.3,
where P1 and P2 are the differential input ports.
The impulse regponses from the two symmetrical

Ts ' : ! f
Y. = iJ’O G @I)e™ ¢ (5)

ports P1 and P2 in Fig. 3 can be grouped together
to smplify the noise calculation.Let g- (tT') and
g- (tT) standfor theimpulse responsesfrom P1,

%%

+ Output — + Output
' |

[ 1

+— : — +
arn |P1 PZjEPI p2| &0

T T T

Local template signal Local template signal

Fg.3 Symmetric ports

g- (tT) and g+ (tT') for P2. It can be inferred
that the impulse response g+ (tI') has the same
magnitude and opposite polarity with g. (tI') ,as
illustrated in Fig.3. Therefore the two impulse re-
sponsesfor P1 and P2 are given by

g (tT) = Zg+ (tT - nTe) + Zg- (tT - nTo)
Q(tT) =- Zg+ (tT - nTe) - Zg» (tT - nTe)

According to the above expressions and Eq. (4) ,
the two-dimensional tranger functions for P1 and
P2 can be expressed as

Hin@) =Y. Se'™s +Y. Tel™s (p)
! kZ kZ

Hon @) =Y. g™sTe 4y, g™t (7
2.0 (@) kZ kZ (7

If these two noises sources at P1 and P2 are
urnrcorrelated ,the output power spectrum genera
ted by them can be summed together directly. Fur-
thermore because the circuit is symmetrical , the
PSD of the noise sources at P1 and P2 are the same
with each other ,which presents a more smplified
method to calculate the output noise power. Using
S() to denote the PSD of these two noise sources
and according to Eq. (2) ,the total output noise
PSD is given by

TE = Y S0+ ) X

(] Hin@) |? +] Hen@) |?) (8)
For smplicity using the substitutions of 0 =

g™ andB = S e ™" and then substitutin
2 b= 9
Egs. (6) ,(7)into (8) ,we obtain

T () = Z{S(w +100s) [ (| Y+]2+] Y-]?) %

(a|?+|B|? +4Re(Y-Y. )Re@ )1} (9
where Re(A) means the real value of A.
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3.1.3 Summary

Based on the above derivation, the output
noise PSD of the correlator can be calculated by:
(1) Determine the PSD of the noise sources of the
correlator ,i.e. S() ;(2) Calculate the impulse re-
sponse and its Fourier trandorm for each source
based on Eq. (5) ;(3) Calculate the output PSD for
each part based on Eq. (9) and then sum them to-
gether to obtain the total output noise power.

3.2 Noise calculation

3.2.1 PD of noise sources

The correlator can be divided into several
parts to obtain the equivalent noise sources. Noti-
cing that the four current sources and other refer-
ences circuitsincluding Q9 Q14 ,M1 M8 ,M1
M4 and R.in Fig. 1 are approximately i ndependent
on the LO gdgnal ,they can be represented by the e
quivalent current sources of I_ﬁl I_%zl_nzl I_nzz ,as
shown in Fig. 4. The common mode feedback can
be disconnected since the noise generated by the
shunt- series feedback mainly comes from the feed-
Moreover , the trandgstors
M5 and M6 in Fig.1 work in the triode region and
provide a small transconductance ,and hence a weak
feedback. The noise generated by some common
componentsin the circuit has been allocated to two
different sources. For example ,the thermal noise of
R. has been allocated to the sources 1% and I3.
Thus the noises in these two sources generated by
R. are correlated and should be consdered when

being summed together to calculate the output

back network itself'®.

noi se power.

If we assume that no noise enters the LO
port ,the noise generated by the PD cell itself can
be replaced by an equivalent voltage noise source
and an equivalent current noise source. Snce the
resistance looking into GC from Vp*/V, ™ is much
higher than looking into PD ,the equivalent current
source can be neglected considering its correlation
with the voltage source. In order to simplify the
noi se calculation usng the derived equation ,the e
quivalent noise source Vam ,as shown in Fig. 4 ,can

be divided into two serial sources,Vam+ and Var-

whose amplitudes are both one half of V. There-
by Equation(9) can also be utilized to calculate the
output noise power by these two symmetrical
sources except that they are fully correlated with
each other. The other equivalent noise sources con-
tain the base resstor thermal noise,collector cur-
rent shot noise ,and channel thermal noise for each
transistor in PD and Q5 Q8 ,which are afected by
the LO signal. Among them only noise sources of
Q5 and Q7 are shownin Fig. 4.

!/ Vn:PD \\V"l‘ ()

PD\— //,
!/Vuzvn. \) // ; \;, ‘v‘:\ - :\y -
\’T s : g ¢ ,)’/ CMFB >

Fig.4 Equivalent noise sources

The PSD of the equivalent noise sources I

and 1% can be s mulated with Cadence Sectre line-
ar noise smulation tool andis shownin Fig.5. The
equivalent noise from I mainly comes from the
M2, M1 M2,
which supply the current of the GC. The reduction
of both equivalent noise sources as frequency in-
creasesis due to the reduction of their gains.

channel therma noise of M1

4.0F
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Fig.5 Smulated PSD of T4 and 1%

3.2.2 Impulseresponse and Fourier trandorm
The impul se regponse for each noise source at
different launch time can be obtained by replacing
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it with an ideal trapezoidal piecewise linear wave
form generator and then taking a transent smula
tion. The rise time and fall time of the trapezoid
piecewise linear waveform source are both taken as
1ps,and the full width of half maximum is 2ps.
which ensures that the frequency spectrum of the
waveform is flat enough in the duration of useful
bandwidth from 3 to 10GHz and the maximal spec-
tral deviationisonly 0. 002 %.

To obtain Y. and Y. in Eq. (5) ,two-dimen-
sonal Fourier tranforms should be performed.
The impul se response should be truncated and dis
cretized because we can not obtain a continuous re-
sponse of infinite length during a transent smula
tion. For the same reason,the launch time of the
impulse excitation should also be discretized. As
discretization in time domain will cause aliasng er-
ror in frequency domain,the sampling rate for T’
and tin g« (tI') and g- (tT') should be carefully

Intensity/a.u.

T/ps 20350

Intensity/a.u.

100
f/MHz

(a)

selected to minimize the aliasng error. In our smu-
lation process,the discretization step is chosen as
25ps which indicates that those frequency spectrum
larger than 20GHz are truncated. The difference
between continuous Fourier trandorm and discrete
Fourier trandorm is the sampling rate,which a s
has been compensated in the calculation.

Figure 6 gives the smulated impul se responses
and their two dimensional Fourier
trandorms. The pulse width of the LO sgnal is
625ps and the pulse shape is taken from Ref. [ 7]
during smulation. Notice that the function of the

g+ and g-

circuit is correlation ,which will multiply the input
impulse and LO pulse and then integrate them.
Therefore when the input signal is an impulse,the
output of the circuit will be the same as the LO
signal ideally. That is why the shape of the cross
section of the impulse responsesin Fig.6is Smilar
to the LO pulse.

Intensity/a.u.

Intensity/a.u.

100
f/MHz

(b)

Fig.6 Smulated impulse response g+ (a) and g- (b) from 12 and their 2-dimensonal Fourier tranforms

3.2.3 Total output noise

According to the analyssin section 3 2 1 ,the
noi se sources of I_%z and I_n22 are not independent ,and
the same for I_ﬁl and I_nzl Letp; denote the correla
tion coefficient of the jth pair of the symmetrical
noi se sources. The total output noise power isthen

given by T) = ZT,» @) (1+p;) ,where T; (W) is

the calculated PSD for the jth noise source pair
based on Eq. (9) .

The calculated output noises power at some
selected frequency point of 4GHz for each noise
source pair are listed in Table 1 and the output
PSD for the correlator is shownin Fig.7.

From the smulated resultsin Fig. 7 ,the out-
put noise of the correlator mainly comes from the
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thermal noise of the base resstor of Q5 Q8. The
reason is that the base red stor noise will be ampli-
fied to the output port. In order to reduce the base
redstance dual emitter stripe npn devices can be
used and the periphery of the emitter that is adja
cent to the base contact can a so be maximized dur-
ing layout design.

Table 1 Calculated output noise power at 4 GHz

Noise ource pair| Tj@)/ (V2- Hz- 1| p Output PSD/ (V2 - Hz- 1)
12 and 14 1.01x10- 18 0 1.01x10- 18
% and 12 7.42x10-35 | 0.45 1.07 x10- 3
% and 13 3.52x10- 25 0 3.52x10- %5
VZ and ViR 7.15x10- 16 0 7.15x10- 16
1 and 1% 6.62x10° %5 0 6.62x10- %5
Voaand (% 7.15x10- 16 0 7.15x10- 16
Vaeo+ and Vam. | 2.65x10- 32 1 5.29x 10" 3

PSD/(10*V?-Hz ')

9 10 11

3 4 5 6 7 8
f/GHz

Fg.7 Tota output noise PSD

4 Conclusion

A new noise model for an analog correlator
used in the front-end for ultra wideband communi-
cation system isinvestigated. The trander function
can be discretized due to the periodicity in terms of
symbol of the L TV system,and the symmetrica
structure of the correlator is explored to smplify
the model. Secific calculations of the correlator
noi se are also described which gives us an ingght
of the noise performance of the correlator.
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Appendix A Proof of the SVE

If thereis no excitation at the RF port of the
circuit and the LO port is assumed to be the input
port ,the system is time-invariant ,and its state e
quation can be expressed as o\ (t)/dt = A (1) +
BLO(t) , whereA (1) isthe state vector ,and the co-
efficient matrices and are both time-invariant. The
solution is given by™®A (1) = A (0) + €'BLO(Y) .

It can be directly derived thatA ( T.) consder-
ing thatA (0) =0 and LO(0) =LO( Tc) =0. There
foreA (kTe) =0 ,where kis an integer.

From another point of view ,if RF port is sup-
posed to be theinput port ,the state equation of the
system is then given by

Q\E(fl = C(OA (D + D()RF(Y) (A1)

where C(t) and D(t) aretime variant. When RF(t)
=0,i.e. theinput is zero,the following equation
can be derived C(t) = o\ (t)/ dtA (1).

Therefore C(t) isonly dependent on the state
vectorA (t) .Because RF(t) israndom,D(t) isaso
only dependent on the state vector of the circuit
from Eq. (A1) . Therefore C(kT:) and D(kT.) are
both constant values. Notice that A (kT.) is a0
constant and that the state vectorA (t) isonly de
pendent on its initial value,the initial values of
C(kT:) and D(kT:) ,and the value of LO(t) during
the kth chip period if RF(t) =0. Thereby if LO(t)
has the same waveform during any two chips,the
state vector also remains the same,i.e. A (1) =A (t

+ kTc) , wheret [0, Tc) and LO(t) =LO(t+
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kTc) . Therefore we obtain C(t) = C(t + kT.) , and
D(t) = D(t+ kTc). Based on it ,we can draw fur-
ther concluson that if theinput sgnal waveform at

EEACC: 1205; 1150
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the RF port is also the same in different chips,the
state vector still remains the same in these chips.
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