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reason, this section focuses on the design of a stable biasing source that can be used for
biasing other analog devices within the power sensor. The core of the biasing source will be
based on well-established “bandgap” techniques [28]. The section starts off with a basic
explanation of the temperature independent reference as will be implemented in the biasing

source. The bias source will then be presented and will be used to bias all subsequent devices.

4.2.1. The Bandgap Reference

The bandgap principle is based on the fact that if two quantities with opposite temperature
coefficients (TCs) are added with proper weighting, the resultant displays a zero TC. In

equation (4.1) o and oy are chosen such that equation (4.2) is satisfied.

V=V +oub, (4.1)
v, ov.
0:“13_75'*”0‘25?2 (4.2)

The characteristics of bipolar transistors have proven to be the most reliable in terms of
reproducibility for producing both positive and negative TCs. These techniques have also

been successfully implemented in CMOS technology.

Negative-TC Voltage

The negative TC stems from the forward bias voltage of a pn-junction diode. A diode
connected bipolar transistor can perform this function. Equation (4.3) defines a diode-
connected transistor’s collector current and from this we can define the base-emitter voltage

as a function of temperature.

Vae

omreh (s2)
c T4y
Now,
kT
Ve =— (4.4)
q
and
I, o< ukTn? (4.5)
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for the proposed technology is Vgg = 630 mV @ [ = 12 A, Substituting these values in
equation (4.8), the temperature coefficient is calculated as —1.84 mV/°K. Also, from equation
(4.10), JV/dT = +86.17 wV/°K. Substituting these results into equation (4.2) and choosing oy
= 1 at room temperature, then (ceInn)(0.08617 mV/°K) = 1.84 mV/°K. Thus o Inn = 21.4

and

Vepr=Vep +21.4Vr=1.16 V @ 300K.

The circuit that will realize this function is shown in figure 4.1. In the circuit we can see that
M4 and MS keep their source potentials at the same quantity. To achieve this, M2 adjusts its
drain potential such as to compensate for the difference in the currents in the two branches
thus balancing the circuit. This forms part of the positive-TC component. The potential
established at the gate of M1 and M2 are then added to another proportional to absolute

temperature (PTAT) base-emitter voltage namely /p3Ro, resulting in equation (4.11).

Veer =V *%Vr Inn (4.11)
Thus for o = 1 and (Ry/R)In n = 21.4, a ratio of approximately 9.28 results for R/R. As
these resistors will be implemented using n-well resistors, it is necessary to keep them as
small as possible such as to minimize consumed area. For repeatability, these resistors should
be larger than 5 kQ for the given technology and to maximize matching, a resistance of 90 k2
and 10 k€2 1s chosen. Although resistors exhibit incredibly high tolerances in IC’s, their ratios
are very well matched and matching tolerances lower than 1 % can be achieved using many
different layout techniques. The technique that will be used here for all resistances will be that
of the common centroid principle and thus the resistors will be broken into 10 kQ strips and
placed using this principle. The switches S1 to S6 are used for the starting up of the circuit.
As there are two possibilities for reaching equilibrium within the circuit, namely zero and the
bandgap voltage, it is necessary to “kick start” the circuit so as to ensure that the equilibrium
point is approached from the highest supply rail. This will then force the first stable point
reached to be that of the bandgap voltage. In principle, the switches are kept closed for a few
milliseconds longer during power up and will be performed by a standard cell from the
technology library specifically designed to perform this operation. The switches will be a
minimum size of 4um/1.54um. A 9 pF capacitor is added for stability purposes. The transistors

are designed such that they are capable of carrying the current expected in the circuit.
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negligible. Figure 4.3 show the proposed current referencing circuit and are based on the more
improved cascode configuration. This implies that the output impedance is significantly

improved by a factor g, ouras 0w, as seen in equation (4.15).

. gm ol r&’s_ou!

Fowe = (4.15 )

g m_ont _old

The stability of the current source is thus significantly increased. The circuit uses an
operational amplifier to generate an accurate reference voltage according to the bandgap
reference voltage. This voltage is then applied to an external resistance according to Ohm’s
law to generate an accurate reference current that will be mirrored into all subsequent devices.
In doing so, the high tolerances of on chip resistors are eliminated and the possibility for
trimming and calibrating the system is created. In an attempt to keep the consumed power
low, the biasing current was chosen to be 25 WA and is a figure that has yielded satisfactory
lower power design results for the given 1.2 um technology. The circuit was designed for
generating a current of 12.5 uA, which will then be scaled up by a factor of two. This was
done so as to minimize the wasted power consumed by the primary mirror circuit. Transistors
M12, M13, M14 and M15 will thus generate the necessary gate voltages needed to bias all

transistors in the other devices and will take on a similar cascode configuration.

T
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Figure 4.3 Current reference generator
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The circuit has 2 inputs and 4 outputs. The first input V;,, will use the bandgap voltage as
input. The operational amplifier in figure 4.3 will be used to create a virtual short circuit for
the ekternal resistor connected to the second input, Rey. This resistor must be selected such
that a current of 25 pA flows through it. Following simple Ohm’s law calculations with a
bandgap voltage of 1.16 V, its value will be approximately 46.4 k&2. Taking operational
amplifier input offsets into account, this resistor value can be calibrated for a 25 @A current

flow.
4.3. VOLTAGE TO CURRENT CONVERTER

Voltage to current conversion is necessary so as to bias the Hall generators with a current
directly proportional to the line voltage with high accuracy but more important stability. An
instrumentation amplifier configuration will be used with strong output transistors. This is to
ensure enough current driving capability for biasing the Hall generator. Figure 4.4 shows the
configuration along with its equivalent symbol. An increase in potential at the non-inverting
input results in a larger negative signal current i, at the —i,, node. This is due fo a larger
differential voltage across R, and consequently the current through it. As the output current is
simply a mirrored sample of this current with a larger ratio, the differential signal current

follows the current through R;.

+ ~lout

Figure 4.4 Voltage to current converter used for biasing the Hall generators

The external voltage divider network must be designed such that the saturation limit of the
operational amplifier is not exceeded. The architecture is used such as to minimize offsets as
well as lowering the sensitivity resulting from the changing Hall generator resistance due to

process variations. R, will be implemented using a poly-silicon resistor to reduce temperature
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The Effects of the Poles

As the poles are widely spread, p, reduces to equation (4.26).

i
= 4.2
pl (Cm + CZ)RQ + (Ci + Cm)'Ri + ngRZRlCm ( 6)
The DC gain of the second stage is high and thus
B 1
pl gﬁ:’)R?R] Cm ( 27 }
and
’)Cm
p, = En2 (4.28)

GG, + C (G + C)

This is true if the dominant poles are widely separated and thus C; and C; can be ignored. At
high frequencies, C,, dominates the frequency response as it short circuits the second OTA

and as a result,

- gm|vln

= (4.29)

and the high frequency response (from the first pole) is given by equation (4.30) and the low

frequency gain response by equation (4.31).

v
) = | T
Vi (4.30)
= gnala)cm
]‘Avi = (gm!Rk>(gm2R2) (4'31)

These results are indicated in figure 4.10. The first pole occurs when

gml

gnleIngRZ = z?dvcm

(4.32)
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It can thus be seen by increasing C,, causes a greater splitting between the two dominant
poles, which thus also satisfies the original assumption. The reason for the poles splitting is
seen for both cases as the following. Firstly, the Miller effect causes a multiplication of the
Miller capacitor to virtually appear in parallel with C;, which was seen before to shift the first
pole closer to the origin. The cause for the shift in the second pole is due to the fact that at
high frequencies, Cy, tends to short out the second stage causing the resistance when looking
back into the g, stage from C, to decrease and thus has the effect of reducing R, and

ultimately to shift the second pole to a higher frequency.

Effect of the Right Half Plane Zero

As the gain of bipolar stages is high, the zero usually has no effect on bipolar operational
amplifiers as its effects occur long after the unity gain point. This problem resides mainly in
CMOS devices due to the low gain of individual stages as the zero causes 20 dB/dec increase
in gain at the zero point frequency. The problem is larger than this as a further 90° phase shift
is also associated with this zero. As a result, the gain crossover point is much earlier than the
phase crossover point and causes instability. The right half plane zero thus acts as a left half
plane pole regarding the phase response and as a left half plane zero regarding the open loop

frequency response. This 1s illustrated in figure 4.11.

[Av] ¥
P f
P z P2

¥
o)
-90°
-180°
-270°

Figure 4.11 Effect of the right half plane zero

Electrical, Electronic and Computer Engineering 61



UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
Q¥ VYUNIBESITHI YA PRETORIA




UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
Q¥ VYUNIBESITHI YA PRETORIA




UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
Q¥ VYUNIBESITHI YA PRETORIA




UNIVERSITEIT VAN PRETO
UNIVERSITY OF PRETO
YUNIBESITHI YA PRETO

RIA
RIA 5 aq 3 1
ik Signal Processing Circuitry

(02'35

Chapter 4

E
B

the input offset of an operational amplifier is not good enough for the required application and
consists of two components. The first is a systematic offset, which is in the order of 5 to 30
mV, with the second type being the statistical offset, which could contribute up to 10 mV.
The configuration used in figure 4.15 overcomes the systematic offset problem through
differential implementation. The statistical offset however will still remain. The minimization
of the systematic offset i1s achieved through the design of well-matched operational

amplifiers.

“lout

Figure 4.15 Output instrumentation amplifier

As mentioned earlier, the resistor used for this configuration will be a pinched, n-well type, as
this makes it possible to compensate for temperature as well as process variances within the
Hall generator. A semiconductor resistor is manufactured using regions with specific doping
concentrations such that the resistance behaves in a way that is acceptable for the application.
The amount of resistance required in an n-well resistor is based on equation (4.37). From
chapter 3 it was seen that the Hall voltage in terms of current as well as voltage sensitivities
were proportional to the same factors and thus any variation in temperature or process
parameters are compensated for by the same amount when the absolute value of this

resistance is used.

e LV
qu,nt L

(4.37)
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connected via terminals B and C. Similarly, during CK,, current flows from terminal B to
terminal C, and sensing nodes are between terminals A and D. This then physically realizes

the explanation given in figure 4.16.

NCH —» | out T<0:1> T<(0>
I in pm T<i>
N INM PCH TN<O:1> TN<(O>
e TN<I>
INP
S
INP T<0> T<1> PCH
. INM
TN<1> ;E T<1>
TN<(O>
NCH TN<1>
TN<(> T<0> iJ 12”
: TN<O> T<0>
c] [D] —’}%‘
TN<1> T<1> PCH
T<1> T<0>
INP
INM
NCH|  inets> TN<0>

Figure 4.18 Circuit diagram showing switching arrangement using transinission gates

4.5.2. Filtering

It is proposed to use passive low-pass filtering at the output of the Hall generator. Maximum
switching frequency of the quadrature states for highest efficiency must be determined
through experimentation and it was found in literature [4] that common upper limits for
switching frequencies are in the order of 100 KHz and is governed by the minimum time

required by the Hall generator to redistribute the charges through the plate such that the
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being accurately defined for temperature simulations, as there are many higher order effects

that are not accounted for in the models that were used.

13610 _:/V(bandgap)

13600 |
s
13500 |
13580 faoeno. . e S N R ,
30 0.0 30 60 90
temp (C)

Figure 4.21 Bandgap reference output voltage

4.6.2. Bias Current Reference
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Figure 4.22 Simulation showing bias current dependence on temperature
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step response that is critically damped and desired. The step response will thus result in a
fairly over-damped response but as we are once again working with such low frequencies, this
is not of major concern. The UGBW agrees with the aimed value of = IMHz. The zero was
designed to be around 10 MHz as can be seen in the simulation result. In figure 4.25 it can be

seen that the slew rate is almost 2.2 V/us, which is slightly better than the aimed 2 V/us.

u:NQut
50 _MZNII’I

40 £ 1
E B
3.0

0.0 E

(V)

1.0 £

0.0 L ]

10 B bod i T S T |
.

time (s)
A:(20.63u 401.21m) slope: 2.17369M
B:(22.10u 3.61)

Figure 4.25 Step response characteristics of operational amplifier

The linearity results of the instrumentation amplifier in figure 4.26 show that amplification
characteristics are very linear for larger differential inputs but that the linearity deteriorates
around a zero differential input to about 1 %. The major disadvantage here is that the linearity
around the lower limit will decrease for the sensor system but should still be within the
required 1.5 %. The discontinuity appears to be a modeling characteristic around the origin.

These results also describe the voltage to current converter but with a gain of 8 mA/V.
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voltage to current converter necessary for the biasing of the Hall generator as a function of the
mains voltage was then presented that based its foundation on the current referencing circuit.
The following few paragraphs were dedicated to detailed operational amplifier design
principles that were used to design a general-purpose amplifier that would later form the
building block of the instrumentation amplifier. The working philosophy of the
instrumentation amplifier was explained along with the basic principles of the compensation

techniques that were exploited using this specific architecture.

All sub-systems were verified in simulation using simulation models based on a standard
double metal, double poly, 1.2 um CMOS process and the resultant characteristics were
compared to theoretical calculations and basic principles. Some of these sub-systems were
then manufactured using this standard CMOS process and verified in a laboratory under
similar conditions as used in the simulations. The results were then compared to both
simulation and theoretical models and discrepancies were clarified. Due to limitations in
manufacturing resources, only a few devices were manufactured for testing purposes. Similar
devices manufactured in this technology where available, were characterized to clarify

assumptions and gather relative design information for remaining devices.
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S. HALL MULTIPLICATION BASED POWER SENSOR SYSTEM

5.1. INTRODUCTION

The following chapter is devoted to the integration of the Hall generator with the analog
signal processing circuitry. Although all the sub-systems for the integrated power sensor have
now been proven, it is necessary to verify the fully functional system and verify in both
simulation and experimentation that the system performs as designed and within specification.
The chapter commences with the system interfacing in which a functional description is
given. The system is then verified in simulation according to the IEC standard followed by the
experimental verification. Some layout issues will be presented along with the layout of the
sensor system. The proposed sensor performance results will then be compared with that of

similar such systems and the chapter will be concluded with a concluding summary.

5.2. SYSTEM INTERFACE

AC Mains

Magnetic field

» Resistor divider - Voltage to
—®  current
— network |
| converter
/777 L _
Temperature Hall <
independent > generator
reference i
Differential €— Differential amplifier, offset »
output ¢ cancellation circuitry and LPF |4

current _
Clock input

Figure 5.1 Schematic of integrated power sensor system

Figure 5.1 shows the block diagram of the proposed integrated power sensor system. The
system implements a bandgap to generate a voltage required by the current biasing circuit.
This circuit is used to bias the operational amplifiers in both the voltage to current converter

as well as the output instrumentation amplifier. The system consists of 4 inputs and 3 outputs

80
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A large part of the typical current consumed in the circuit i3 a direct result of the factors
involved in biasing the Hall generator. There exists a trade off between sensitivity and power
consumption and maximizing the Hall sensitivity through an increased bias current, also
increases the power consumed. The larger part of this current is consumed by the biasing of
the output transistors M16, M17, M18& and M19 in figure 4.14 and can contribute more than

50 % of the total current required.

The system sensitivity was achieved and is better described by the accuracy figure obtained.
As can be seen, the lower end accuracy was well within 1.0 % and compares well with the
desired 1.5 %. The higher end specification was better than 0.8 %. The reason for a worse
lower end specification presents itself in that when the output current is extremely small it
becomes comparable in size to other undesired signals, dominated mainly by offsets. From
the simulations regarding linearity of the instrumentation amplifier configuration, it was also
noted that the linearity deteriorated around the origin of the amplifier and this behavior was
expected. As two of these amplifiers are implemented in this circuit, both play a contributing
role in this regard. As can be seen, the linearity quoted here display better results than the
worst-case values of separate entities simulated earlier. This is because once the circuit is
implemented in a kW/hr meter, the linearity becomes a function of time. This non-linearity
presents itself as short pulses in time closely around the origin of the current and voltage
signals and thus contributes very little to the root mean square (rms) value of the power
signal. This will thus have a significantly smaller effect on linearity errors when averaged

over time and hence, average linearity values are stated in the specifications.

Simulations showed that the Hall generators based on an n-well resistive model shows a
linearity of 0.002 % within the given range of the specified magnetic field. In practice, this
figure 1s expected to still be better than 0.05 %. It can thus be deduced that any improvement

in linearity would present itself in the improvement of the instrumentation amplifiers.

The major advantage gained from the Hall generator is that as the voltage and current circuits
are purely resistive with high impedances, the power consumed by these circuits become
minimal. The major contributor to power consumed in the voltage circuit is the voltage

divider network and is only 1.5 % of the maximum permitted 2 W.
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5.1
I/Q,(}l%ei o< Ly (51)
Also,
I/imll oc flf?f&‘SB + VQ[]S({! ( 5.2 )

From Equation (5.1) it can be seen that the offset voltage is directly proportional to the bias
current and that the Hall voltage is the sum of the cross product of the bias current and the
perpendicular magnetic field and the offset voltage as shown in Equation (5.2). Now we know
that if the bias current and the magnetic field are both sinusoidal, the resultant product is of
the form cosz(cezf) but that the offset is of the form cos(wf). The resultant output will thus be a
function of two frequency components, one consisting of f and the other of 2f and the larger

the inherent offset, the larger will be its contribution to the resultant output.

2.0m =/Vh

0.0m -
2.0mE

-4.0m ,

(V)

-6.0mE

8.0mE

SJ0m B Lts i saaaay bbbtttk Lbttbttote gt btk bdbdt }
0.0 10m 20m 30m

time (s )

Figure 5.4 Simulation showing the effects of offsets on the Hall voltage signal

The resultant output with implementation of the offset cancellation technique is shown in
figure 5.5 whereby the Hall generator is electrically rotated by 90° at a frequency of 10 KHz,
taking advantage of the fact that a 90° rotation causes a {80° phase shift in the offset voltage
and a 0° shift in the Hall voltage thus isolating the offset voltage from the Hall voltage. The

net result is that the offset voltage signal is translated to the much higher frequency at which
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Figure 5.8 Simulation result showing supply current versus time

54. EXPERIMENTAL VERIFICATION

The experimental verification was done under standard room temperature conditions using the
suggested wire-wound ferromagnetic core to generate a magnetic field. A discrete voltage to
current converter with similar specifications as the suggested component in this document
was used, the only difference being that the resistor was implemented externally. Once again,
the system was assembled with the components available as in the previous chapter due to a
limitation in resources. The principle could still be tested and sufficient knowledge was
gained so as to assess the extent of performance compliance as well as the required guidelines

necessary for the development of future circuit architectures.

5.4.1. The Hall multiplier

The Hall sensor used for the verification of the design data, was configured slightly
differently to that required by this specific design. The element was configured such that the
output Hall voltage changed its phase by 180° with a quasi-constant offset voltage.
Furthermore, one of the biasing terminals was permanently tied down to Vg This

configuration is typically used in linear sensing applications whereby the sensor is biased with
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Figure 5.11 Graph illustrating the lower end linearity figures for the sensor versus line current

Figure 5.12 shows the transfer function used to calculate the linearity. The system sensitivity
yielded a transfer function of 0.2302 pA/kW and is slightly higher than was simulated. This
could be the contribution of various factors such as variations in the expected magnetic field

produced in the ferromagnetic core, gain variations etc. This shows the importance for the

need for calibration of such systems.
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Figure 5.12 Graph illustrating the transfer function of the output current versus the input power
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It can thus be seen that the same y-axis orientation of the Hall generator and compensation
resistor, yields compensation capabilities of around + 0.005 %/K compared to same x-axis
orientation of - 0.036 %/K. These results thus only include the temperature coefficients of the
Hall generator and output amplifier with the compensation resistor, as they will dominate the

temperature behavior of the sensor.

Figure 5.14 shows the results obtained for the temperature behavior of the sensor tested and
include the Hall generator and output amplifier with its compensation resistor. The
compensation resistor was orientation in the same x-axis direction as can be seen in figure
5.15. The sensitivity showed a temperature coefficient of - 0.055 %/K over the required
temperature range. It can be seen that the result is slightly outside the required specification
and that over compensation of the positive temperature coefficient of the Hall generator
sensitivity has occurred. When looking at the typical voltage biased sensitivity of the Hall
generator given by equation (3.36), this was to be expected. The voltage-biased sensitivity is
not only negative, but also has a typical absolute value larger than that of the current biased
sensitivity variation. As the compensation method is based on the change in voltage over the
compensation resistor, the behavior is justified. Furthermore, the results could be improved

with the same y-axis orientation of the compensation resistor.

165 7
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161
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Figure 5.14 Graph showing temperature behavior of sensor sensitivity
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5.5. LAYOUT AND PACKAGING

5.5.1. General Layout Considerations

The layout of an integrated circuit defines the geometries that appear on the masks used in
fabrication. Micro-electronic layouts play an extremely important role in the performance
characteristics of systems and can greatly influence the performance of a system to both its
advantage and disadvantage. Care must thus be taken to properly plan the outlay of the device
such that advantage can be taken of all relevant aspects that can have a positive effect on the
performance of the final device. Aspects involved during the layout process involve adhering
to the design rules for the given process used and the manufacturer involved supplies this
data. Design rules incorporate aspects such as minimum sizes, spacing, enclosure and
extensions as well as antenna effects. These rules aim to maximize the yield of devices

manufactured as well as consistency in performance characteristics.

5.5.2. Analog Layout Techniques

The need for analog layout techniques are due to the fact that analog systems are more
sensitive to negative effects caused by parasitic resistive and capacitive components such as
crosstalk, mismatches, noise etc [28]. The most common techniques used during the layout
included the likes of multifinger transistors for the reduction in parasitic gate resistance for
increasing noise performance; symmetry for the reduction in input referred offsets and
consists of matching device geometries as well as surrounding environment. Lastly, guard-
band structures were implemented to separate the few digital components from the analog
structures thus assisting in the reduction of switching noise induced in analog devices. Figure

5.15 shows a micrograph of the layout for the test chip used.

5.5.3. Packaging

It was mentioned before that the Hall generator suffers from piezoresistive effects. The effect
presents itself through a change in the electrical resistance of the semiconductor upon the
application of mechanical stress. The mechanism is as a result of the change in the interatomic
distances in a crystal under stress [4, 6, 8]. A shift in the inferatomic distances produces a
change in the periodic field of the lattice and thus causing a change in the bandgap and
effective masses of the carriers. This change in the mass thus causes a change in the mobility

resulting in a mechanically dependent change in the Hall voltage signal. This mechanical
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6. CONCLUSION

6.1. WHAT WAS GIVEN?

Modern solid-state power meters contain elements for sensing both voltage and current.
Resistor dividers are typically used for voltage sensing and current sensing technologies
currently deployed in the market include low resistance current shunts, current transformer
(CT) and the Hall effect sensor. In energy measurement systems, analog and digital
multiplication require circuit overhead and complexity when compared to the use of an
integrated Hall generator. This is due to the inherent multiplication properties of the Hall
generator and can be implemented such that the output directly represents active power
through indirect measurement of the line current and voltage. This reduction in complexity as
well as expensive external devices has created the need for investigation into the replacement

of conventional sensing methods with the Hall effect multiplier.
6.2. WHAT WAS THE AIM?

Implementing the Hall generator as a two-vector multiplier was the core topic of the research
described in this document. It was proposed to design a complete active power sensor based
on Hall effect multiplication. The work would thus establish the foundation for
implementation into energy measurement systems. It would thus also be established whether
the Hall generator would be sufficient as a sensing element and whether its properties can be
transformed into an overall system advantage regarding increased economic value, decreased

complexity and chip area.
6.3. WHAT HAS BEEN ACCOMPLISHED?

This document described the design of an active power sensor system that utilized the
multiplication properties of the Hall generator. Firstly the power sensor architecture was
proposed and all circuit requirements were highlighted and discussed. The implementation
within traditional watt-hour meters were presented along with the IEC 1036 standard
according to which the system performance specifications were measured. The most relevant
design considerations were analyzed and were followed by the system requirements for the
entire system based on performance, operating conditions and accuracy conformance.

The Hall generator itself was investigated based on the study of well-developed models for

galvanomagnetic effects in semiconductors. It was discovered that different geometrical
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