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A B S T R A C T

The ultrasonic interferometer manometer (UIM) is an apex level primary pressure standard for Pascal realization
established at National Physical Laboratory India (NPLI). The performance of UIM has been evaluated from time
to time by participation in key comparisons, calibration and measurement capabilities (CMC) and publications in
reputed international metrology journals. The pressure is measured using time of flight technique at 44 different
frequencies in ultrasonic range and the phase measurement. The phase measurement combined with the time of
flight measurement using the exact fractional algorithm provides highly accurate column length hence re-
spective pressure values. The combined process helps in lowering the uncertainty in real experimental condi-
tions. Recently, we have also changed UIM software from tbasic to window based program with the same
algorithm which provides a column length measurement study. A detailed study was carried out for variation of
fringe counts or oscillations with varying pressure. Experimental and theoretical calculation for both resolution
and pressure dependent part has been carried out for uncertainties involves the physical parameters. The un-
certainties in lower pressure range, i.e., between 1 Pa and 1000 Pa were varying equal or sometimes higher than
the theoretical resolution value 0.0092 Pa (k=2) because of environmental conditions like vibration, tem-
perature, atmospheric pressure, and humidity whereas for higher pressure range, i.e., 1000 Pa to 130 kPa the
uncertainties were either close or smaller than the pressure dependent theoretical uncertainty value, i.e.
7.2× 10−6 of the reading.

1. Introduction

The UIM, an apex level primary pressure standard for Pascal reali-
zation is established at National Physical Laboratory India (NPLI) in
1982 with the collaboration of National Institute of Standards and
Technology (NIST), USA. The UIM has the measuring range of
1 Pa–130 kPa with the expanded uncertainty of Q (0.0092 Pa,
7.2× 10−6 of the reading) at k= 2 calculated as per the guidelines are
given in ISO guide to the expression of uncertainty. The UIM is a liquid
column manometer (LCM) where mercury is used as the liquid medium
[1,2] for the time of flight measurement. UIM possesses W-tube struc-
ture of three mercury columns, and these tubes are inserted in a re-
servoir filled with mercury (shown in Fig. 1). Among these three col-
umns, the center column is used as measurement column having 1m
length and 8 cm diameter approximately and remaining side columns
are much smaller than the center column lengthwise, used as a pressure
test ports. The UIM is based on the principle that the pressure is directly

proportional to the height of the liquid column and the pressure mea-
sured is given by Δp= hρg, where h is the height of the mercury
column, g is the acceleration due to gravity and ρ is the density of the
medium (i.e., mercury). ‘g’ is calculated experimentally at the location
of UIM with an accuracy of ppm level and theoretically calculated ρ20,
the density of medium at 20 °C is used which further gets corrected
according to a temperature of UIM by six platinum resistant thermo-
meters (PRTs) fixed at the various location of the UIM mercury column.
The differential length (h) of the column height is calculated by the
difference in the height of the central column with the average height of
side columns.

The height of the mercury column is calculated in terms of wave-
lengths [2] using the fringe counting pulsed interferometer [3,4] and
the speed of the ultrasonic wave in mercury. The ultrasonic wave of
nominal frequency 10MHz is used because of its uniform speed in
homogenous liquid medium and high-resolution sensitivity. The theo-
retical value of the speed of the ultrasonic wave at 23°C is used in the
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equation which is further corrected according to mercury temperature
of the UIM chamber. For the calculation of column length, an ultrasonic
wave of a frequency in the range of 9.3–10.6MHz is generated by RF
oscillator as a carrier wave which is used to carry a short pulse of 15μs,
using a pulse generator. The lead zirconate titanate PbZrxTi1-xO3 (PZT)
transducers are mounted at the bottom of each mercury column in UIM
(shown in Fig. 1) which convert the electrical signal to a mechanical
analog of a short ultrasonic wave train which sent vertically upward to
the column to measure the column height. These signals move towards
the top surface of mercury and then reflect back to the transducer
where a part of energy revert to electrical signals and remaining travels
back to mercury column, this process continues until all of its energy
converts into the electrical signal. Each time an echo is produced in the
form of an electrical pulse which is amplified and then further detected
by the phase sensitive detectors, and it was found that there is a phase
shift of 90⁰ between the reference signal and received echo.

The change in the length of the mercury column originates the
change in the corresponding phase angle of ultrasound echo and hence
resulting quadrature signals Y1=A′ cos(k′L) and Y2=A′ sin(k′L)
where A′ is the amplitude of the signals, Y1 and Y2 are the vectors from
the origin, and λ is wavelength. As path difference of the electric pulse
is given by the integral multiple of half of the wavelength (λ) or in other
words it can be said that the change in column length is monotonically
proportional to the change in the wavelength of the ultrasonic wave
and its phase, therefore it can be easily understand that if column
length changes with half of the wavelength of an ultrasound wave then
the received signal or echo have the rotation of 2π, i.e., a full wave
cycle and if the length change by full wavelength then received signal
has the rotation of 4π, i.e., two full wave cycles this process continues.

1.1. Theoretical representation of output signals and calculation of pressure

The wave with a carrier angular frequency (ω) travels through the
mercury column of length (L) and undergo multiple reflections between
the uppermost layer of mercury and the transducer. During this process,
the nth order echo is picked up and detected by the phase sensitive
detectors with continuous reference signals given by equation (1) in the
form of frequency,

y1=A cos(ωt) and y2=A sin(ωt) (1)

where A is the amplitude of the reference signal and ω=2πf where ω is
the carrier angular frequency.

The received signals by phase sensitive detectors are represented by
equation (2)

Y1=A cos(ωt – 2knL) and Y2=A sin(ωt – 2knL) (2)

Using trigonometric relations, equation (2) can be re-written as with

absorbing all constants in the amplitude of wave (A′)

Y1 = A′ [cos(2knL) + cos(ωt – 2knL)] (3a)

Y2 = A′ [sin(2knL) + sin(ωt – 2knL)] (3b)

where k is the wave number given by and 2π/λ and A′ is the amplitude
of the resultant signals.

The first terms of the wave equations (3a) and (3b) represent si-
nusoidal functions of column length (L). The second terms are high-
frequency signals which are suppressed by low pass filters.

Hence the signals received after passing through low pass filters can
be represented by the equation given below:

Y1=A′ cos(2knL) (4a)

Y2=A′ sin(2knL) (4b)

The UIM algorithm used a particular echo of the nth order, i.e., n is a
constant. So, we can write k′=2kn in equations (4a) and (4b). Hence
we can rewrite equations (4a) and (4b) as follows:

Y1=A′ cos(k′L) (5a)

Y2=A′ sin(k′L) (5b)

when the k′L changes by 2π, then the received signals of equations
(5a) and (5b) go through full wave cycle. So, the change in the length L
for a full wave cycle or fringe is given by ΔL= λ/2n.

The signals are given by equation (5a) and (5b) have a phase change
of 90° with each other, these two signals can be in any of the quadrants.
To observe that change, ΔL/quadrant can be written as ΔL= λ/8n.

The signals are connected with multiplexor which is used to count
the number of fringes with count(s) per quadrant with a change in
length of the column in steps of ΔL= λ/8n. There may be some frac-
tional fringes which also have been taken care to improve the sensi-
tivity. So, the fractional fringe (fr) contribution to column length is
obtained by equation (6)

fr = (1/2π) tan−1 (Y1/Y2) (6)

The full fringes as well as the fractional fringes are observed and
recorded to measure the length very precisely. The column length at a
particular pressure for all 44 frequencies in the range of 9.3–10.6MHz
with unevenly spaced frequency is calculated using the window based
software along with the associated uncertainty.

The length of the column is related to the number of fringes [5,6],
which is given by equation (10). These column lengths are used to
calculate the differential length which is the net mercury column
height. The pressure is measured inside the UIM by calculating the
optical path between the reference level and the uppermost surface of
the mercury column. So, that optical path is the differential length (h)

Fig. 1. Block diagram showing the UIM and its connection with various hardware and electronics.
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which can be obtained using the formula given below

= −
+Differential length h L L L( )
22

1 3
(7)

where L1, L2, and L3 are lengths of the mercury column in the side
column 1, center column and side column 2, respectively. Time of flight
(TOF) technique is used to calculate the column length. The time taken
by a short electric pulse to travel from transducer to interface of mer-
cury and mercury vapor is known as the time of flight (TOF). TOF is
given by the integral multiple of half of the reciprocal of the frequency
of the electrical signal as explained in Fig. 2 i.e. TOF=N/2f.

In the case of UIM, N is replaced by the number of fringe counts, i.e.,
F + fr, We can obtain the TOF equation as follows;

TOF= (F + fr)/2f (8)

Then the length of column (L) is given by

L= Ss X TOF (9)

Speed of sound (Ss) with temperature correction is given by S23{1 –
αs(tm – 23)} and S23 is the speed of sound at 23 °C is given by
1449.441 m/s [7].

Using equations (8) and (9), the length of the column (L) can be
written as follows;

L= S23 (F + fr) (1 – αs(tm – 23))/2f (10)

F=number of full fringes
fr=value of fractional fringe
f= frequency of the ultrasonic signal
αs= temperature coefficient of density of mercury at
20 °C=3.032×10−4 °C−1

Using equation (10) the column lengths of all three columns can be
calculated using equations given below

L1= S23 (F1 + fr1) {1 – αs(tm – 23)}/2f (11a)

L2= S23 (F2 + fr2) {1 – αs(tm – 23)}/2f (11b)

L3= S23 (F3 + fr3) {1 – αs(tm – 23)}/2f (11c)

where F1, F2 and F3 are full fringe counts and fr1, fr2 and fr3 are frac-
tional fringe counts of side column 1, center column and side column 2,
respectively. As the pressure is measured by UIM is based on the for-
mula given by

Differential pressure (Δp)= hρg

Mercury density (ρ) according to the temperature of UIM chamber is

given by

ρ= ρ20 /{1 – αd(tm – 23)} (12)

where ρ20 is density of mercury at 20 °C=13545.855 kg/m3 [8] and
αd=temperature coefficient of density of mer-
cury=181.15× 10−6 °C−1 [9].

Using equations (7) and (12), we get

=
− +

+ −

Δp
ρ g L L L

α t
{ ( )/2}

1 ( 20)d m

20 2 1 3

(13)

g= local acceleration due to gravity= 9.79124184m/s2 calculated
at the location of UIM with the uncertainty of 2 ppm.
tm=temperature of UIM chamber in °C.

Combining (11) and (13), we get the general equation to calculate
the pressure measured by UIM,

=
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Hence equation (14) is used to calculate the pressure at a high level
of accuracy.

The article highlights various factors of uncertainties contributing to
the total uncertainty which further validates the measurements, mea-
surement process and functionalities of phaser shape and magnitude
since the application of pressure at test port changes the column length
which leads to change in the amplitudes and phase of each received
echo. As the performance of UIM has been evaluated time to time
through many bilateral comparisons with NIST, USA, BIPM CCM PK-10
[10], and recently with ongoing APMP.MP K4 (2018-19) key compar-
ison [11]. The UIM has been functional at NPLI since last 36 years;
however, the present results authenticate the mechanical and electronic
stability of the primary pressure standards. These results nearly mat-
ched with the results of key comparisons which is extremely helpful as
the primary standard for the calibration for many gauges like air piston
gauge, force balanced piston gauge and various secondary standards for
pressure measurement with the uncertainty varying from part per
million of measurement to several percentages of reading at k=2.

2. Results & discussion

2.1. Current scenario of UIM

In many national metrology institutes, UIMs had been established
which were being compared time to time under key comparisons or
bilateral comparison. The NPL, India (using the UIM) had participated
in BIPM key comparison (CCM PK-10) in 1994 as shown in Fig. 3 [10]
which indicates that the maximum difference in the measurement of the
effective area of piston-cylinder among participant laboratories was in
the range of 10−5 ppm at the pressure of 31 kPa. However, nowadays
most of the leading NMIs (except NIST USA) have been facing problems
to maintain and participate in measurement process due to old elec-
tronics, hardware, and unavailability of compatible electronics.

The paper deals with a detailed study of the variation of signal
properties, i.e., amplitudes, phase angles and oscillations as a function
of pressure or mercury length. These parameters have never been stu-
died in detail for NPLI UIM. The pressure measurement has carried out
in new technical and environmental conditions. The window based
software has replaced the old DOS-based software to calculate the
pressure. Apart from software, electronics of the circulator has also
modified; the new circulator is fabricated with new microelectronics
that provides low noise, less heat dissipation and efficient in signal
communication. Some part of UIM hardware/vacuum chamber is also
changed to avoid any leakage and provide higher order of background
pressure. In this context, old rubber O-ring based sealing is changed

Fig. 2. Explains the relation between TOF and frequency of the electrical signal
in the cavity formed in mercury column between the transducer and mercury-
mercury vapor interface, where L is the optical path or length of column and N
is the positive integer and f is the frequency of the electrical signal.
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with copper gasket based compact flange. Hence it is the need of time
for thorough studies on various aspects of uncertainties and phase
measurements of UIM. We have taken the observations for column
lengths associated with uncertainties and phase measurement for dif-
ferent pressures in the range of 1 Pa–130 kPa for 44 frequencies, ex-
plained in detail in next sections.

2.2. Ultrasonic wave properties measurements at various pressures

The variation of some fringes along with amplitudes of signals used
in measuring pressure are also studied in detail (shown in Fig. 4) for all
44 frequency data points. These signals are expressed by equations (5a)
and (5b) with the phase difference of 90° as it is evident from Fig. 4.
Ideally, for a given pressure the amplitudes of these signals should be
the same, but experimentally it can be seen that the amplitudes are
slightly different which causes the uncertainty in measurement. How-
ever the differences in amplitudes are not significant, so the uncertainty
contribution due to this difference is very less. At lower pressure, am-
plitudes are nearly length independent but as pressure increases the
amplitudes become dependent on length and as evidence from Figs. 4
and 5. It suggests that amplitude decreases with increase in pressure or
differential length or in other words, it can be said that the amplitude of
the signal is inversely proportional to the length of the column. As it can
be seen also from Fig. 5 that the amplitude from 1 to 1000 Pa varies
with same amount in same range and it's variation is not distinguishable
because the variation in pressure is length independent in this pressure
range whereas 10 kPa onward the amplitude decreases and move on
decreasing towards increase in pressure up to 130 kPa since it becomes
length dependent. One more physical quantity in Fig. 4 to focus on, i.e.,
number of fringes or oscillations increases with an increase in column
length for the same number of frequency points. The period of two
consecutive pulses is of the order of millisecond time scale that means
after a fixed interval next pulse is launched till the measurement
completes. A short ultrasonic wave train is launched, out of these
pulses, one has come out from the transducer, and another is just put on
hold which is next to come out. Therefore, if pressure increases, column
length increases, the number of oscillations increases. In a reverse
mode, it can also be explained by equation (14) that pressure is directly
proportional to the number of fringe counts. Therefore, with an increase
in pressure, a number of fringe counts increases. The variations in
amplitudes and phase angle (shown in Figs. 4 and 5) ultimately provide
the uncertainty in pressure measured by the UIM.

2.3. Experimental uncertainty measurement of UIM

Differential lengths are calculated using equation (7) at various
pressure points in the range of 1 Pa–130 kPa at 44 frequency points. The
first data point in figures 6 to 11 belongs to zero pressure (mercury
vapor pressure) point. There are broadly two types of uncertainty which
can be calculated using these data; (i) average uncertainty: each pres-
sure point provides 44 data points along with associated uncertainties,
these uncertainties are averaged to get the average uncertainty and (ii)
standard deviation of mean: it is the standard deviation of mean of 44
data points. We have plotted average uncertainty and standard devia-
tion of mean in length measurement as a function of differential mer-
cury column length in the range of 0.001–1000mm under corre-
sponding pressure shown in Fig. 6 and Fig. 7, respectively. It can be
observed from Fig. 6 that the average uncertainty is more or less con-
stant for individual columns and is independent of length whereas
above 10mm this uncertainty increases with pressure. A significant
linear change in uncertainty can be seen in center column because it
becomes length dependent above 10mm and amplitude of signals in
center column decreases with increase in pressure. Similarly, Fig. 7
suggests that standard deviation of mean rises significantly in center
column with differential length or pressure and that is because of de-
creasing amplitude of signals in the center column.

The combined uncertainty is calculated to see the combined effect of
both types of uncertainties by taking the root sum square of average
uncertainty and standard deviation of the mean of each column (shown
in Fig. 8). Finally, total uncertainty in differential length is also calcu-
lated by taking root sum square of the combined uncertainties of all the
three columns as shown in Fig. 9 to obtain one value of uncertainty for
each differential length.

As it is evident from Fig. 7 that the uncertainty at lower pressure is
independent of pressure whereas at higher pressure uncertainty in-
creases more or less linearly with differential length or pressure so there
must be a factor called relative uncertainty. Relative uncertainty is
calculated theoretically from the uncertainty budget compared with
experimentally obtained values at each pressure point in the range of
1 Pa–130 kPa, can be seen in Fig. 10. At lower pressure, i.e., up to 1 kPa,
experimental relative uncertainty values decreases linearly with pres-
sure and are more than the theoretical values due to many factors but
most importantly temperature and vibrational effect. Whereas at higher
pressure it becomes more or less constant and experimental relative
uncertainty is less than that of theoretical values (shown in the inset of
Fig. 10) because at the high-pressure contribution of vibrational and

Fig. 3. Effective area values are compared during key comparison at the pressure of 31 kPa in absolute mode and the data of NPL (India) complete with most of the
NMIs (reproduce from ref. 10).
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temperature effects in uncertainty are not significant. In conclusion
evaluation of relative uncertainty, the experimental and theoretical
expanded relative uncertainty at k=2 were obtained as 5.6× 10−6

and 7.2× 10−6 respectively at higher pressure. The relative un-
certainty is combined with associated pressure and the resolution part;
it gives the total uncertainty at each pressure point. Fig. 11 shows the
experimental, as well as total theoretical uncertainty with varying
pressure, these two curves, are in total agreement with each other.
These values describe that uncertainty is the nearly constant at low
pressure because of length independency that's why it is also called as

resolution whereas above that pressure it goes linearly with pressure
relative uncertainty part starts dominating over resolution part. These
uncertainties shown in Figs. 6–11 are matching with the previously
measured data [12].

2.4. Uncertainty budget in the pressure measured by UIM

Uncertainty budget for 130 kPa is shown in Table 1 which show the
factors contributing to uncertainty calculation with their associated

Fig. 4. Describes the electrical signals Y1=A′ cos(k′L) (red curve) and Y2=A′ sin(k′L) (black curve) formed inside the mercury column with varying pressure: (a)
1 kPa, (b) 10 kPa, (c) 50 kPa and 100 kPa.

Fig. 5. Describes the amplitudes (A′) of electrical signals formed inside the
mercury column with varying pressure from 1 Pa to 100 kPa.

Fig. 6. Average uncertainty of the uncertainties associated with all 44 data
points for the three columns at each pressure point in the range are shown with
varying differential length in the range of 0.001–1000mm.
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pressure dependent and independent uncertainties. The independent
part gives the resolution of measuring (UIM) instrument whereas the
dependent parts give the uncertainty in pressure measurement. In
Table 1, the expanded uncertainty is obtained as per theoretical equa-
tion, i.e. ((0.0092 Pa)2 + (7.2 × 10−6. p)2)0.5 Pa, where p is the
measured pressure in Pa. Hence the theoretical expanded uncertainty
for the 130 kPa is equal to = ((0.0092 Pa)2 + (7.2 × 10−6.

13× 104)2)0.5 Pa= 0.9320 Pa which is higher than the experimental
expanded uncertainty ((0.0092 Pa)2 + (5.6 × 10−6 *
13 × 104)2)0.5 Pa=0.7249 Pa. These values validate the long time
stability, reproducibility, accurateness, and uncertainty measurement
of UIM from 1 Pa to 130 kPa pressure range.

3. Summary

The UIM is further revalidated over the pressure range of
1 Pa–130 kPa that provides uncertainty in the measurement well within
our calibration measurement and capability. The expanded un-
certainties in the above-mentioned measurement range matched well
with the theoretical value, however, at the low-pressure range the ex-
panded uncertainty sometimes show slightly higher than resolution
components that may be due to environmental conditions, but it always
gave lower uncertainty in the pressure-dependent measurement range.
The signal ultrasonic probe wave amplitude and phase variation and its
associated uncertainties as a function of the change in column length
are probed which provides satisfactory experimental standard deviation
of the mean. The theoretical and experimental evidence confirms the
accurateness and long term durability and firmness of pressure mea-
surement uncertainties which further proves that it is still India's apex
level primary standard with the lowest uncertainty since last 36 years.
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Uncertainty budget of Pressure measurement of UIM at 130 kPa.

Quantity Estimate Uncertainty Probability distribution Type Degrees of Freedom Uncertainty Contribution
(Ui(y))2

(Xi) (xi) Uxi Independent Dependent
Density of Hg - ρ20 (kg/m3) 13545.855 0.012 Normal B Infinity 1.41E-02
Accln. Due to Gravity g (m/s2) 9.791242 1.96E-06 Normal B Infinity 6.76E-04
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Ultrasonic Frequency - f (Hz) 1.000E+07 3.00E-01 Normal B Infinity 1.52E-05
Ultrasonic Phase (Pa) 0.260 Normal B Infinity 6.76E-02
Verticality (Pa) 7.80E-03 Normal B Infinity 6.08E-05
Tilt (Pa) 3.00E-04 Normal A 20 4.00E-08
Zero instability (Pa) 0.0043 Normal A 31 1.85E-05
Static Head Correction δph (Pa) 1.43E-02 Normal B Infinity 2.04E-04
Ref Pressure - pref (Pa) 0.22 0.001 Normal B Infinity 1.44E-06 1.00E-06

Uncertainty (m2) 4.6E-3 4.67E-01
Abs. value Rel. value

Relative uncertainty (at k= 1) 0.0046 3.6E-06
Expanded relative uncertainty (at k= 2) 0.0092 7.2E-06
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