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Abstract 

Due to an extensive use of vector measurements in the diagnostics of various objects in the 
technical, biological, chemical and other fields, a need for a high-performance and fiexible 
instrument - a vector analyzer - has arisen. In the present paper the architecture of 
vector analyzers based on discrete phase-sensitive demodulation of analog signals in the 
frequency range of 1 Hz to 1 MHz is considered. 

The description of some typical experiments from the domain of electronic circuit 
fault analysis and medical diagnosis is given. 

Keywords; vector analyzer, phase-sensitive demodulation. 

Introduction 

Vector measurements of complex impedances and admittances as well as 
complex gain factors of a variety of objects appeaT to be an effective method 
to diagnose their state, composition and nature (I\IEADE, 1983; KI\ELLLIl 
and BOROVSKIKH, 1986; PEI\I\EY, 1986; SEI\ and SAEKS, 1979; ?Vl0SCHYTZ 
and HORI\, 1981). To perform vector measurements, special measuring 
instruments: vector analyzers, known also as two-phase lock-in amplifiers 
(MEADE, 1983) are needed, which operate on the basis of phase-sensitive 
demodulation of the alternating signals to be measured (MEADE, 1983; 
~VlII\ et aI, 1986; MI;\' and PARVE, 1987). 

In Fig. 1. a generalized structure of a vector analyzer is given con­
sisting of a two-phase synchronous demodulator, connected to a vector 
computer and the object to be analyzed. The synchronous demodulator 
generates the alternating excitation signal Sexc, which is applied to the ob­
ject. A shaded part to be studied is separated in the object where both 
the differential input signal Sin and the reference signal Sref are obtained. 
Phase-sensitive demodulation is performed relatively to Sref. 
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Fig. 1. Block diagram of the vector analyzer and a typical measuring circuit 

In the demodulation process the input signal is decomposed into inphase 
and quadrature components: 

Sin(t) = M sin(wt + 4J) = 
= (M cos 4J) sin wt + (M sin 4J) cos wt, (1) 

where amplitudes of inphase and quadrature components (I and Q) are 
obtained in the form of direct current components: 

I = lv! cos 4J, 
Q = Iv! sin 4J, 

(2) 

(3) 

which at a given frequency of w = Wl appear as vector coordinates of the 
input signal Sin on the complex plane in Fig. 2.: 

(4) 

where the magnitude is 

(5) 

and the phase is 

4J = arctg ~. (6) 

We see that the arrangement of the coordinate system in Fig. 2. is deter­
mined not by vector Sexc of the excitation signal, but by vector Sref of the 
reference signal. 

(7) 
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Fig. 2. Vector diagram of the signals 

The scale factor and orthogonality of the coordinate system are determined 
by the mutually quadrature and normalized coordinate signals 

Sel(t) = Al sin(hwI)t, 

Se2(t) = Al cos(hwI)t, 

(8) 

(9) 

where h = 1,2,3 etc. is the series number of the analyzed harmonic compo­
nent of the input signal, and Al is the amplitude unity. Signals (8) and (9) 
are formed strictly synchronously to the reference signal (7). Having multi­
plied the input signal (1) and the coordinate signal (8) and (9), and having 
smoothed the results obtained, we get inphase and quadrature components 
(2) and (3) of the hth harmonic component of the input signal: 

T 

h = ~ J Sin(t) . Sel (t)dt, 
o 
T 

Qh = :f J Sin(t) . Se2(t)dt. 
o 

(10) 

(ll) 

With the help of the vector computer, magnitude Mh and the phase of the 
hth harmonic component are calculated, see expressions (5) and (6), and 
amplitude gain factor Ar/Mh of the object and other necessary parameters 
are determined. 

Due to the noise and external disturbances (Fig. 1.) superimposed on 
the input signal as well as on the reference signal, it is necessary to assure 
noise immunity of the analyzer with respect to both of the signals. This is 
achieved by a rational construction of a synchronous demodulator. 
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Two-Phase Synchronous Demodulator 

The block diagram of the synchronous demodulator considered (Mm et 
aI, 1983, 84, 87; PliNGAS et aI, 1981), is given in Fig. 3. Characteristic 
elements of the diagram are the multiplying functional digital-to-analog 
converters (FDAC), two of which (m = 3) have three discrete states and 
act as the inphase (00) and the quadrature (900

) synchronous detectors 
SDI and SD2, while the third one (m = 4) operates as a source of the 
sine wave (00) excitation signal Sexc with the amplitude E, where m is the 
number of discrete states of the FDAC. 

j----------------------------, 
I S01 I 

FDAC U -.!:-j(')dt i I~ 
m=3 I I 1 I 

FOAC 
m= 3 

i " po 

---l ~! (·)dt 
i T J 
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Fig. 3. Circuit diagram of the two-phase synchronol!~ demodulator 

As coordinate signals (8) and (9), corresponding code signals are used 
(Fig. 4.): 

S', - {C:[,S· '3' C::?3-} . C.i - u, 1;" "-"_: ~ 

Sc2 = {SQ; S2.3; Sl,3}. 

The following code signal (00) controls the third FDAC (m=4): 

C' - {So, S " S') " S3 ,} ucl - . 1> 1 .. " _ .. " ,'±' 

(12) 

( 13) 

(14) 

All code signals are synthesized with the help of the phase-locked loop 
(PLL) (Mm et aI, 1986; I\.III\, 1985, 87). The frequency of code signals is 
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Time diagrams of the variables G J and GO and code signals for the number of 
approximation levels m=3 (dashed lines) ~lld m=4 (continuous lines) 

tuned to fI with the help of an external code, whereas the synchronization 
of phase and frequency in the PLL is performed by the reference signal Sref 

(MIN et aI, 1986). So, by setting the value for h, a possibility arises for 
vector analysis of the hth harmonic component of the input signal. 

The FDAC, which operates as a synchronous detector (m = 3), con­
tains only three weighting resistors (Fig. 5.) with corresponding conduc­
tivities of gl,3, g2,3 and g3,3. The resistors are switched on and off \vith the 

4 Periodica Polytechnica Ser. El. Eng. 33/4 
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help of current switches SWl, SW2 and SW3 operating under the control of 
code signals (12) or (13) from the output of the PLL to obtain correspond­
ing sine- and cosine-like signals for conductivities G3 = GI and G3 = GQ, 
see the dashed diagram lines in Fig. 4. Circuit design aspects are more 
closely described in the patent specification (MIN et aI, 1983). 

Hence, input voltage Vin is converted into weight current i = VinG3, 
which, in turn, with the help of operational amplifiers with RC feedback 
and a summing converter of voltage Vo to current io, yields the output 
signal. 

r-----------------, 
I I 
I m=3 G3 I 
I I 
I 
I 
I 

Vinl 

Fig. 5. Circuit diagram of the functional DAC with three discrete levels (m = 3) 

The FDAC with its four discrete levels (m = 4) performs as the source 
of sine and cosine signals. It contains (Fig. 6.) four weighting resistors, 
switched by the current switches SWl, SW2, SW3, and the switch SW4 for 
the voltage ±E. The switches are controlled by the code coordinate signal 
S~l (14). To obtain cosine signal, another coordinate signal has to be used: 

(15) 

The value of conductivity G4 of FDAC the changes corresponding to sine 
rule G4 = G I or to cosine rule G4 = GQ, see continuous lines in Fig. 4. The 
weighted current io = EG4 is further converted into voltage Vexc with the 
help of current-to-voltage converter CV. Circuit description is given in the 
patent specifications (PUNGAS et aI, 1981; MIN et aI, 1984). 

Vector analyzers of the family QUADRA, in which the above men­
tioned FDAC has found application, make it possible to carry out vec­
tor analysis of alternating current voltages and their higher harmonics 
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Fig. 6. Circuit diagram of the functional DAC with four discrete levels (m =4) 

(h = 1 ... 10) in the range of 100 nV to 100 mV at frequencies from 1 
Hz to 1 MHz. The dynamic range at the output is no less than 100 dB at 
the frequency of 1 kHz, and additive noise can exceed the full scale of the 
instrument up to 100,000 times. The noise-to-signal ratio for the reference 
input may be up to 0 dB. 

Operation of FDACs 

The functional digital-to-analog converters (FDAC) used in our design, 
with the number of discrete levels contained being only 3 or 4, are of exter­
mely simple structure. However, these levels correspond to the determined 
values of the harmonic function (Pig. 4.) with a high accuracy (the error 
is less than ±0.05%), whereas the approximations are carried out so (MIN 
and PARVE, 1987), that the lower order harmonics should be absent in the 
spectra of functions G3 and G4. 

To determine the values of separate discrete levels, the following for­
mula is valid (MIN AND PARVE, 1987): 

gq = Go sin [4: . (2q - 1)] , (16) 

where m is the number of approximating levels, and q is the ordinal number 
of the approximating level (q = 1,2,3, ... ,m), while the minimal value of 
q corresponds to the lowest level of approximation. 

4* 
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The spectral composition of approximated harmonic functions can be 
found according to a simple formula (l'vIIN and PARVE, 1987): 

k = 4mn ± 1, (17) 

where n is integer (n = 1,2,3, ... ), and the amplitudes Ak of the harmonics 
are: 

(18) 

where Al is the amplitude of the first harmonic (k = 1). 
Spectra of the functions Gf and GQ at ml =3 (continuous line) and 

at m2 = 4 (dashed line) are shown in Fig. 7. Characteristically, the spectral 
lines in Fig. 7. do not coincide. Hence, a question arises if there are any 
coinciding spectral lines at different values of the number of approximation 
levels ml and m2, and if so, what are their ordinal numbers k? 

11;13 15; 17 23;25 31;33 35;37 k 

Fig. 1. Amplitude spectra of harmonic function G3 and G4 approximated by three levels 
(m = 3. continuous lines) and four levels (m = 4, dashed lines) 

On the basis of the formula (17), the following equation is obtained: 

(19) 

which is satisfied, if 

(20) 

where i = 1,2,3, ... 
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Consequently, coinciding higher harmonics do exist, and on the basis 
of expressions (17) and (20) they have as ordinal numbers: 

(21) 

Here ml = 3 and m2 = 4, and hence, the coinciding harmonics of the 
functions G3 and G4 are: 

k = 47,49,95,97,143,145, etc., (22) 

with the amplitudes corresponding to formula (18). , 
The fact that only high frequency harmonics will coincide, could not 

be overemphasized for an efficient operation of the above-mentioned vector 
analyzer. As is well known, the synchronous demodulator is sensitive to 
only the harmonics of the input signal, which are contained in function G3 
(MEADE, 1983; Mm and PARVE, 1987). That is also the reason why it 
is sensitive only to the harmonics of the excitation signal, which coincide 
with harmonics of function G4 , see expressions (21) and (22). So, 

(23) 

will serve as a relative sensitivity to these harmonics with the ordinal num­
ber k, as the multiplication of functions G3 and G4 is carried out within 
the process of synchronous demodulation. From expression (22) it can be 
seen that for any common harm,mic, Qk < 0.05%. And, only as a conse­
quence will a rough approximation of functions G] and GQ appear efficient 
(Fig. 4.). 

High accuracy of the operation (error less than 0.1 %) is guaranteed by 
a low number (3 and 4) of precision resistors (tolerance of ±0.02%) used, 
whereas a good high frequency performance is guaranteed by using current 
switches and a low number of switching operations during one waveform 
period of functions G] and GQ (Fig. 4.). The dynamic range of the FDAC 
for analog input is 100 J.L V to 10 V at the frequency of 1 kHz. 

Architecture and Operation of PLL Synthesizer 

The phase-locked loop (PLL) is used for the synthesis of code coordinate 
signals Sel, S~l' Sc2 and S~2' see expressions (10-12) and (14), locked to 
the reference signal with a phase error cPE < 0.10. Code signals are effective 
in the frequency range of 1 Hz to 1 MHz (:\'11:" et aI, 1986, 87), whereas 
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the noise level permitted, may reach the level of the useful reference signal 
Sref. 

The structure of PLL (Fig. 8.) encloses phase detector PD, which 
operates on the basis of the FDAC (see Fig. 5.), the low pass filter LPF1, 
the voltage controlled oscillator VCO, the frequency divider FD having a 
dividing factor h and a code former of coordinate signals (Fig. 4.) with a 
frequency division ratio of 48, controlling all FDACs in the vector analyzer 
(Fig. 3.). For measuring the level of the reference signal Sref, a synchronous 
detector SD on the basis of another FDAC is used. From the output of the 
SD through LPF2, a direct current signal is obtained which corresponds to 
amplitude Ar of the reference signal (7). This signal has also been used for 
automatic gain control, AGC. 

LPF2 Ar 

AGe sign. 

9l 5 ref 
LPFl 

I_IJ 
Sa 5 2,3 5 1,3 fl fe 

SI if" 
~1,4 Code FD <I--
5 1,3 

former i--5 2,4 .;.h 
~h 52,3 .;.48 

3,4 
Sa 

Fig. 8. Circuit diagram of the PLL synthesizer 

LPF2 being a simple RC-filter, the LPF1 appears to be a more complex 
one with transfer function (Mm, 1985, 87): 

F(s) = 'TZS + 1 
Trs( 'T3S + 1) 

(24) 

As the gain of PD has a sine form, the output signal of PD is expressed as: 

SPD = GpD . Ar sin c/>€, (25) 
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where GpD - gain of the PD, 
Ar - amplitude of the reference signal, and 
if>€ - phase-lock error of coordinate signals. 
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As signal (25) is dependent on A r , automated gain control (AGC) of the 
PLL is needed. 

If the phase error if>€ is small, the PLL may be linearized, sin if>€ ~ if>€, 
and characterized by the open-loop transfer function (MIN, 1985): 

where 

T2 S 
G(s) = F(s) . L(s) = T2 2( )' 

AS T3 s + 1 

L(s) = T1 
LS 

(26) 

(27) 

appears as the open-loop transfer function of PLL without LPF1, and time 
constant 

(28) 

The transfer function (26) may be expressed with the help of relative pa-
rameters 

T2 
v= -, 

T3 
(29) 

their optimization, in respect to the best response speed and noise immu­
nity of PLL (MIN, 1985, 87), gives the following results: 

opt[vl = 5 ... 7, (30) 

[J _oPt[Vl~ opt X - -- . 
3 opt[vl- 3 

(31) 

The frequency of the PLL synthesizer is set with the help of codes h, the 
frequency of the main harmonic of the input signal, and h, the ordinal 
number of the analyzed harmonic. The exact frequency and phase lock of 
the VCO is carried out automatically in the PLL and the phase error if>€ 
being led to minimum. 

The clock frequency from the VCO output 

le = 48hh (32) 

reaches 48 MHz at the maximum signal frequency h = 1MHz, if h =1. 
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Diagnostics and Regulation of Electronic Circuits 

Problems concerning the diagnostics of elements and units in analog elec­
tronic circuits have been examined in a number of papers (SEN and SAEKS, 
1979; MOSCHYTZ and HORN, 1981). Compared with other experimental 
methods the vector measurements have obvious advantages in the diag­
nostics and regulation of frequency dependent circuits, e.g. high order 
active filters. As can be seen from (MOSCHYTZ and HORN, 1981, Ch.6), 
the parameter deviation of circuit elements (resistors, capacitors etc.) is 
much better reflected in phase and in quadrature components than in the 
magnitude. This is especially true for circuits of non-minimal-phase type. 

A typical circuit under test, where any part (see A2) of the device 
may be taken as an object of diagnostics, is given in Fig. 9. This is pos­
sible through a high sensitivity of the vector analyzer to the measuring 
signal, and by its non-sensitivity to nonlinear distortions and external dis­
turbances. 

High sensitivity and noise immurjty enable e.g. to carry out the anal­
ysis of a complex transfer function G(jw), i.e. the Nyquist diagram of an 
open-loop high-gain amplifier without switching off the feedback (Fig. 10.). 

I 
I !..--------

Vector analyzer 

I 
I 
I _________ d 

Fig. 9. Application of the vector analyzcr for diagnostics of electric circuits 

A more detailed description of the diagnostics and regulation of a 
twin-T bridge is given here (Fig. 11.). In the ideal case resistors and ca­
pacitors have the following relative values: RI = R2 = Rand R3 = O.5R; 
Cl = C2 = C and C3 = 2C; load resistance RL = lOOOR. A bridge like that 
has a zero gain at the frequency w = 1/ RC. 

In reality, deviation from the nominal values of the parameters are 
present. Analysis and experience show that the bridge capacitor C3 and 
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Vexc 
Vector analyzer 

Fig. 10. Measuring of the open-loop complex transfer function of a high gain amplifier 

Vi 

Fig. 11. Circuit diagram of the twin-T bridge 

resistor R3 should be regulated for balancing. It may be convenient to do 
it on the basis of inphase and quadrature components of output voltage Vo. 

In Fig. 12. gain and phase frequency responses of a twin-T bridge 
are given with deviation 5R3 = ±5% of resistor R3. At RC = 1 s the bridge 
sensitivity may be expressed as follows: 

±5R3 

W R3 = _ ( 4 ± 5 R3) + j (1 ± 5 R3) , 

and phase cf> at small deviations 5R3 has the following values: 

cf> = arctg(±O) - arctg( -1), 

l.e. at relative frequency 1/10 = 1 

{ 
-450 for 5R3 > 0, 

cf> = -2250 for 5R3 < 0, 

(33) 

(34) 

(35) 
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independently from the value of deviation (Fig. 12.). 
For corresponding deviations 8C3 of capacitor C3 

are the following: 
, the phase values 

(36) 

At the nominal frequency the phase shift will be 0° or -180°, correspond­
ingly (Fig. 12.). 

co 
"0, 
t!) 

° 

0.8 
0 

-20 

-40 

A 

90 

-90 

-180 

~ -270 

c) 

b) 

I 
-4S 0-/' 6R 3 =+So,o 

____ ..... e=c==Jc::;tII.:;::P" 

Fig. 12. Gain (A) and phase (B) frequency responses of the twin-T bridge at the devia­
tions of the resistor liR3 = ±5% 
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On the basis of this example it should not be difficult to see the advan­
tages of vector measurements in the diagnostics of frequency-dependent 
electronic circuits. 

To the typical problems to be solved belongs also the analysis of non­
linearities of high-performance amplifiers, which have a coefficient of non­
linear distortions less than 0.1%. In that case it would be necessary to 
apply the compensation method of measurement (Fig. 13). 

As can be seen in Fig. 7., in an ideal case the spectrum of excitation 
signal Sexc does not contain higher harmonics with ordinal numbers up 
to 15 at m = 4. However, actually, due to technical imperfections, the 
level of these possible harmonics may be as high as 0.01 to 0.1% of the 
excitation signal due to an inaccuracy of the weighting resistors in the 
FDAC (Fig. 6.). As a result, a situation arises where the excitation signal 
itself contains more harmonics than caused by the object. The solution 
is an automatic compensation of the main component as well as higher 
harmonics of the excitation signal Sexc. The realization is performed by a 
controllable gain around the value of GAl of voltage divider VD, where GA. 
is the gain of the tested amplifier (see Fig. 13.). Accurate compensation is 
realized by feedback through the digital integrator DI, the output signal of 
which may be fixed. 

r-------------------------------~~-~ 11 

Vexc H 

Two-phase 
SO 

w=hw, 

DI 

Fig. 13. ivleasuring nonlineal' distortions of an electronic amplifier 

If some phase shift is produced by the object, additional compensation 
through the phase shifter is necessary. As a result, 50 to lOO-fold com­
pensation enables to detect nonlinear distortions of the order of 0.001 % by 
separately measuring several higher harmonics at frequencies hWl. 

Applying the above-mentioned method of compensation, we can also 
measure nonlinearities of separate units of more complex circuits, as, for 
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example, those of the circuit in Fig. 9. In that case nonlinear distortions of 
the preceding units will be compensated, in our case of unit Al in Fig. 9. 

Vector Measurements in Medical Diagnostics 

The application of vector measurements in medical diagnostics is mainly 
based upon the measurement and analysis of bioelectrical impedances 
(KNELLER and BOROVSKIKH, 1986; PENNEY, 1986). Among the most com­
mon experiments are, for example, the determination of liquid content in 
organs and tissues of the body, study of the speed and capacity of the blood 
circulation (hemodynamics) in different organs of the human body. Hemo­
dynamics is performed by measuring the changes of reactive and active 
components of bioimpedance in the pulse rhythm (reoplethismography). 
For example, the active resistance of the blood-vessel impedance is inversely 
proportional to the speed of blood circulation in a vessel, whereas changes 
in electrical capacitance in the pulse rhythm show the vessel elasticity. 

Two - phose 

SO 

Yref 

Fig. 14. Measuring the bioelectrical impedance 

In Fig. 14. the compensation circuit is shown for measuring base compo­
nents Ro and (wCo) -1 of the bioelectrical impedance Zx and its relatively 
rapid pulse deviations b..Rx and 6.Cx . Due to inertia of digital integra­
tors DI, the compensation is performed for constant or slowly changing 
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base components Ro and Co. Direct measurements are realized for rela­
tively rapid pulse deviations 6.Rx and 6.Cx over the range 0.01 to 1.0%. 
The circuit in Fig. 14. appears to be efficient when analysing deviations 
of impedance components not only in the field of medicine, but also when 
performing other experiments, e.g. in corrosion measurements (GABRIELLI, 

1987) in the field of electrochemistry. 

Conclusion 

A wide variety of applications for the above-described vector analyzers 
enables to use them in technical and medical diagnostics and in scientific 
experiments in the fields of physics, electrochemistry, material study etc. 

Wide input dynamic range (100 dB) and superior noise immunity -
noises may exceed the instrument range up to 100000 times - have been 
achieved thanks to discrete processing of the analog signals on the basis of 
multiplying functional digital-to-analog converters. 
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