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Abstract

A technique for evaluating noise figure suitable BdST
implementation is described. It is based on a lastc
single-bit digitizer, which allows the simultaneous
evaluation of noise figure in several test poinfstie
analog circuit. The method is also able to ben&bm
SoC resources, like memory and processing powe

noise behavior, from single analog components toeen
systems.

The test method is based on digital signal proogssi
and may be implemented in the SoC environment by
reusing processing and memory resources already
available in the SoC. A one-bit digitizer that is
permanently connected to the desired analog test [®

r.used, thus minimally disturbing the circuit undestt

Theoretical background and experimental results are Thanks to the simplicity of the converter, low aphrea

presented in order to demonstrate the feasibilitytre
approach.

1. Introduction

With the increasing capacity of development achdeve
by the electronic industry nowadays, mainly in the
consumer market, the design of new devices is atgre
challenge. A fast, flexible and reliable methodgiogust
be used in order to cope with ever shrinking produc
development time, as a shorter time-to-market igiaf

overhead is obtained, and no impact is made omdise
figure of the circuit being tested, that is, theogwsed
BIST does not increase the noise level to be medsur

The ultimate goal of this work is to show that,using
a simple BIST cell [3], one can measure not only
frequency related parameters of the circuit undst, tut
rather one can obtain information of other impdrtan
characteristics like noise figure.

The paper is organized as follows: in section Zief b
review of other approaches to measure the Noiser&iig
presented. In section 3, noise parameters arewesliand
two common noise figure measurement methods are

to the commercial success of such devices. The SOCpresented. An analysis of a possible implementatibn

approach [1] has been used in order to solve $hiseai.

Testing of such devices is another challenge, sis te
costs must be kept lower for the device to be caitine
in the market. Unfortunately, analog testers agmeagive
devices and extra difficulties arise when trying téest
analog circuits in a SoC environment. The limitedess
to the input and output of the analog circuit untbst is
an example.

In order to reduce the cost of the analog testt-bui
test strategies may be used in order to reduce
requirements of external analog testers, or repthea
completely. In the SoC environment,
processing and memory resources are availables it

as plenty of

the methods here proposed in the SoC environment is
provided in section 4, together with the test mdthim
section 5 results regarding the digitizer are presk
followed by experimental noise figure evaluations.
Analysis is provided in section 6 and the papeisfias
with conclusions in section 7.

2. Related work

the

The use of embedded noise sources for noise figure
measurements has already been reported. In [4]na th

i film resistor has been used as an on-wafer noisecsp

possible to perform test analysis by reusing theseDiode noise sources have been investigated in A5].

resources [2].

production test scheme based on signature testirsy h

In this paper a low cost method for evaluating the been proposed in [7], where noise figure measurésnen

noise figure of analog circuits is presented. Ndigere is
an important parameter in the specification andgtesf
low noise systems, such as communications systachs a
biomedical instrumentation. It is used to charazéethe

1530-1591/05 $20.00 © 2005 IEEE

have been indirectly made. To the authors’ knowdedy
first approach showing that it is possible to havBIST
circuit to measure noise figure has been proposda]i
In the present work we address the issue of usiluyva



cost BIST to measure the noise figure. _ N, +k[T,[BG

(4)
KT, BG

3. Noisein analog circuits

In this section some background information regaydi The Qef|n|;|on|_ of noise flggre 'S basgd Oc? the
noise characterization in analog circuits is predidrirst ~ 2Ssumption of a linear system. Some extensionsdaor

noise figure is defined, and then two usual measen¢  lin€ar systems have been proposed, like in [10],ave
methods are presented. not going to be analyzed in this work.

Some usual noise figure values are illustrated in
3.1 Definitions table 1, together with the corresponding noise factor.eNot

that the typical value of noise figure for an Rkvlnoise
A common parameter used to characterize the noiseamplifier is 3dB. For an RF mixer, the value is abo
behavior of an analog electriignal (such as the output 10 dB [11]. A circuit that does not add noise ®iitput
of a sensor or amplifier) is the signal-to-noisdiora  would have a noise figure of 0 dB.
(SNR). It is a ratio of the signal power to theseopower,

expressed in dB. Table 1. Some reference values for noise figure
and noise factor
V.2 NF(dB) F Example
SNR= lO[Ibglo{sz} dB @ 0 1 noiseless analog circuit
Vi 3 2 RF low noise amplifier
10 10  RF mixer

Noise figure (NF) and noise factor (F) are paramsete
used to characterize the noise behavior afesice or 3.2 Measurement methods
circuit, as shown iffigure 1.

In the direct measurement method, equation 4 is

SNRin SNRour used. A load is connected to the input of the syst a
[E: —* temperature of 290K, like ifigure 1. The output noise
S o power of the system is measured (the numerator of
Figure 1. Noise characterization of a 2-port equation 4). _If one knows the measurement bandwidh (
device and the gain of the systen®), equation 4 can be used
directly.
The noise factor (F) of a two-port device is theoraf In the y-factor method, noise figure evaluation is

the available output noise power per unit bandwidtthe ~ Pased on the use of a calibrated noise source][8[h2
noise caused by the actual source connected tmpe ~ Method is a two-step process (&igere 2): with the noise
terminals of the device, measured at the standargsource turned off (at a temperature of 290K, ordcol

temperature of 290K [8]. temperature), the DUT output power JNs measured.
Then the noise generator is turned on, and theenois
SNR, output power (N) for the hot temperature is recorded.
=——N 2) The Y factor is the ratio of these powers:
SNRyyr
Noise figure (NF) is defined as the noise factoy (F Y =Ny (5)
expressed in dB [8,9] N,
NF =10(og,,(F) dB ©) S I:
Ry DUT
The IEEE standard definition of the noise factoy i§- generator Meter
given by equation 4, where N, is the noise added by Figure 2. Noise characterization setup
system, Ty is 290K (standard temperatured, is the
system bandwidthk is the Boltzmann constant a&lis Knowing that the noise power at the output of tRéTD
the gain of the system. is simply the noise added by the system) (plus the

amplified input noise, one can write



N, =k[T, (BIG+N,

N, =k [T, [BIG+N,

After applyingequations 6 and 7 to 5, and developing
usingequation 4, one obtains the equation of the Y-Factor
technique [12], that allows the evaluation of thaisa

factor

F=

(T, /T, -1)-Y(T./T,-1)

(v-1)

Tq is the reference temperature of 290K. If the noise
source cold temperature is not 290K, this provides
correction term. This equation can be rewritteorider to
take into account noise powers, instead of tempersat

[10], as shown irquation 9.

(N, /N, -1)-Y(N_/N, -1)

F =

In this section the implementation of methods for
estimating noise figure suitable for BIST in a SoC
environment are discussed. The proposed methol$as a

presented.

(v-1)

4. A NF BIST in the SoC environment

4.1 Direct method

An implementation of the direct method would be as
shown infigure 3. A nominal load Rmust be applied at
the input at a temperature o§=R90K. The output of the
DUT must be amplified and routed to the ADC of the

system for further processing.

e
To

Figure 3. Direct method setup

One practical disadvantage of this setup is relabed
variations in the gain of the amplifier G This gain
multiplies both terms inequation 10, but only the
numerator is measured. This way, any deviationhi t
amplifier gain (from Gto G;)) will cause an error in the
noise factor estimation. This issue is expecteadour
because of process variations that may affect e of

the amplifier.

DUT
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a
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£ = (No +K (T, [BLGyr)G,’
kD—o |:IBEGDUT |:0351

(10)

4.2 Y -factor method

If one could embed a suitable noise generator,gbein
able to provide two known noise levels, it would be
feasible to implement a noise figure measuring esyst
based on the Y-factor technique. The system leatelpsis
presented ifigure 4. A programmable attenuator provides
the noise levels needed for the NF measurement. The
generator noise level can be measured through an
auxiliary analog path to the ADC.

noise
generator [P atenuator | DUT 4»I>—> AD
G

Th,Te Gaut a
Figure 4. Y-factor setup

This setup does not possess the same sensitivity to
changes in the amplifier gain as the direct mettgith
numerator and denominator équation 11 are measured,
so any deviations in the amplifier gain (fromtG G,) are
corrected.

_ (N, +KIT, [BIGpr )G,

= (11)
(Na +k |:rc: B [GDUT)Ga|

In [6] an analysis of uncertainty in commercial s®i
sources is provided, and it is shown that everelamors
like 5% in the hot temperature can still provideefus
measurements for noise figure estimation, if awreof
+0.3dB is acceptable (for noise figures of 3dB a@dH).
These errors could be used as guidelines in thigrdes
the noise generator and attennuator.

4.3 Proposed method for NF measur ement

Some problems are not addressed in the strategy
presented irfigure 4: the AD converter of the system is
used, so simultaneous acquisition is not possihlso,
routing of analog signals to the ADC may be difficu
There is a need for a multiplexing device at thgutnof
the ADC, which introduces non-linearity and disimmtin
the signal.

If the ADC is replaced by a simple digitizer, like
figure 5, some advantages like the possibility of
simultaneous observability and no need for mulkipig
devices is achieved. Also, because of the simplfithe
digitizer, it can be permanently connected to thel@g
test point, thus avoiding switches which degrade th
performance of the analog circuit under test.



amplifier

noise

generator puT

»| attenuator [ —p| Digitizer

A

reference
waveform

Figure 5. Proposed setup

As the Y-factor method requires the evaluation of a
ratio of signal power, the digitizer must be aldetovide
noise power levels.

In this work the digitizer [3] uses a voltage comgiar
and a reference signal in order to perform the data
acquisition. The requirements of the reference aigine
modest (in the sense that only a small frequenaoy b
used in the calibration process), allowing a simgphel
low-cost signal generator to be used.

5. Results

In this section the digitizer and a strategy toleat®
power levels using a reference waveform are predent
Noise and reference levels are also discussedsétteon
finishes with results from a prototyped setup.

5.1 Digitizer

The digitizer figure 6) is composed by a voltage
comparator with a noise reference [3]. The inpghal is
connected directly to the input of the comparafine
digitized input signal is obtained at the output thé
comparator and is a digital output. Sampling may be
controlled by adding a flip-flop at the output dfet
comparator. This structure is common in high speed
voltage comparators.

signal
noise

Figure 6. Diagram of 1-bit digitizer

The noise amplitude should be greater than or equal
the signal amplitude, and both signals should b® ze
mean (or have the same dc level). The autocomelatt
the output of the sampler, considering that the kiosd
signal and noise is a normal stationary procesk néro
mean, is given by the arcsine law:

|

R, (7)

R, (0) (12)

2 .
R, (7) = narcsw{

Equation 12 allows one to state that the statistics of the
input signal will be at the output of the sampkifected
by a gain factor and by the arcsine function, whigh
approximately linear for small values of the input
argument.

As the Fourier transform of the autocorrelatiorthie
power spectrum density, one is able to observe the
spectral characteristics of the signal, but withremeased
noise level because of the addition of the nois¢hat
comparator input [3].

5.2 Evaluating power levels

In the following, a Matlab simulation illustrateket
idea of measuring noise levels using a reference
waveform. In a real application, noise and refeeenc
waveforms should be amplified in order to enabke uke
of a voltage comparator.

If one applies a constant-amplitude square waveasig
to the digitizer offigure 6 as a reference signal, noise
levels can be determined if a simple strategy lisvied.
Two noise levels were applied to the digitizer gsthe
same square wave as reference. Signals are as shown
figure 7. One should notice that noise levels should be
always greater than the reference levels.

(=]

a0 100 150 50 100 150
Figure 7. Noise and reference waveforms for hot
(left) and cold (right) noise temperatures
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Figure 8. Power spectrum density
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The power spectrum density evaluation of the
bitstream at the output of the digitizer is shown i
figure 8. One can notice that the noise levels remains
similar, while amplitude levels of the referenceuace
wave are larger.

As the reference level is constant, a simple
normalization procedure can be used. One can dealua
the maximum amplitude of both spectra and apply a



correction factor to one of the power spectral dgns

g
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g 1 Figure 10. Error in power ratio estimates versus
0.5 e reference amplitude
: noise level after normalization
e B0 55 5.4 Experimental results
Freguency
Figure 9. Power spectrum density after In order to verify the approach a test setup was
normalization (zoom at 60 Hz) implemented in order to measure the noise figure of

non-inverting amplifier. The general setup is shoiwn

Figure 9 shows different noise levels, obtained before figure 11. In order to change the value of the noise figure
and after the normalization procedure. One canrebse of the circuit, a different operational amplifieas used.
that the noise levels were very close before the As the equivalent noise voltages are provided byddta-
normalization procedure. In order to make a numeric sheets of the components, one is able to calculate
comparison, noise power ratio was evaluated udinget  expected nominal value of the noise figure of theudt,
different methods: ratio of mean square valuesl{aved according to the opamp used [13].
in time domain), ratio of PSD data and ratio of P&ida
from the 1-bit digitizer. The values obtained aresented

in table 2. For the 1-bit data, the reference waveform must generator [ 7] attenuator ) DUT cgrzléfﬂstor‘mal
be excluded from the power ratio evaluation (the Non-Inverter Amplifier output
reference is not part of the signal being measutéthis N J

is accomplished, about 2.5% error in the poweprags ! geigzmr gg;‘rznvpp
;k:j:rz\fed in the simulation, as presented by thditeesin Figure 11. Diagram of the experimental setup

Table 2. Noise power ratio evaluation and The opamps used were the OP27, OP07, TL0O81 and
derived parameters for T,=10000K and T,=1000K CA3140. The corresponding expected noise figurezrevh

Vet hod Noi se_power = NE(dB) ?n the range _of 3.7dB to.16..2dB. In order to a_lvoid
ratio interference pickup, the circuit was assembled im a

Mean square ratio 3. 4866 10.03  10.01 aluminum case, being battery powerégute 12).

PSD ratio 3. 4766 10.08  10.03

1-bit PSD ratio

excl udi ng 3.5620 9.66  9.85

reference

5.3 Noise and reference levels

Simulations were carried out in order to evaludte t
accuracy of noise power ratio estimates as a fomadif
the amplitude of the reference waveforrguke 10 shows

TR s

the error in power ratio estimates for gaussiasencThe Figure 12. Prototyped circuit
reference waveform amplitude level is related te th Ext | noise aenerator and sine wave gener b
overall accuracy of the method: for very small age Xternai noise g sihe wave g (

references, a large error is expected because isé no ;||5F|3312(:],§;) v;/r(]ere “?ed- The referen(t:ebwagj/ef(;:rr:] was a:
levels disturbing the reference amplitude. Verygdéar Z, while he n<_)|.se Mmeasurement banawidin was a
references may lead to non-linear distortion of the 1kHz, as |_nd|cat<_ad Ifigure 13. The output of the digitizer
digitizer. Amplitudes in the range of 10% to 40%tbé was acquired using a digital scope (HP54645D).

. . . ing Matlab. Total acquisition lengtls We6
noise level should give reasonable resti 10). processed using .
g i 10) samples and the FFT size was 1le4 samples. Thesresul

obtained after processing are presented table 3,



including the expected noise figure values fromseoi 7. Conclusions
circuit analysis [13].

In this paper a technique for the evaluation ofseoi
figure in a BIST environment was presented. As the
technique is based on DSP, it is able to benedimfr
resources already available in the SoC environment.

A simple voltage comparator and a reference signal
were used as digitizers, thus discarding the needhf
ADC. The technique also extends the capabilities of
simple BIST cell [3], allowing one to perform frespcy
and noise measurements.
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