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Abstract: Voltage standards are widely used to transfer volts from Josephson voltage standards (JVSs)
at national metrology institutes (NMIs) into calibration labs to maintain the volts and to transfer
them to test equipment at production lines. Therefore, commercial voltage standards based on Zener
diodes are used. Analog Devices Inc. (San Jose, CA, USA), namely, Eric Modica, introduced the
ADRI000KHZ, a successor to the legendary LTZ1000, at the Metrology Meeting 2021. The first
production samples were already available prior to this event. In this article, this new temperature-
stabilized Zener diode is compared to several others as per datasheet specifications. Motivated by
the superior parameters, a 10 V transfer standard prototype for laboratory use with commercial
off-the-shelf components such as resistor networks and chopper amplifiers was built. How much
effort it takes to reach the given parameters was investigated. This paper describes how the reference
was set up to operate it at its zero-temperature coefficient (z.t.c.) temperature and to lower the
requirements for the oven stability. Furthermore, it is shown how the overall temperature coefficient
(t.c.) of the circuit was reduced. For the buffered Zener voltage, a t.c. of almost zero, and with
amplification to 10 V, a t.c. of <0.01 uV/V/K was achieved in a temperature span of 15 to 31 °C.
For the buffered Zener voltage, a noise of ~584 nVp-p and for the 10 V output, ~805 nVp-p were
obtained. Finally, 850 days of drift data were taken by comparing the transfer standard prototype to
two Fluke 7000 voltage standards according to the method described in NBS Technical Note 430. The

drift specification was, however, not met.

Keywords: Zener diode; DC reference; transfer standard; voltage standard; zero-temperature
coefficient; low noise; long-term drift; stability; statistical resistor network

1. Introduction

Zener diodes as voltage references are used in test equipment such as digital multime-
ters (DMM), calibrators, voltage, and transfer standards. They still outperform bandgap
references in terms of temperature coefficient (t.c.), noise, and long-term stability, which to
some extent is achieved by temperature compensation with a forward-biased silicon diode
or transistor wired as a diode and/or temperature stabilization, larger reference voltages,
and process improvements such as the invention of the buried Zener diode.

In DMMs, the voltage reference serves as a counterweight to an unknown voltage
at its input, while the DMM itself acts as a balance. In calibrators, it is the source from
which a programmable output voltage is derived. In voltage standards, they are used
to maintain and as a transfer standard to import or exchange the voltage between two
consequent calibrations at national metrology institutes (NMlIs) or other calibration labs.
The next to last has the highest demand on t.c., noise, and long-term stability. Since their
invention, voltage references have detached galvanic cells such as unsaturated as well as
saturated cells, like Clark and Weston cells. The Weston cell defined the voltage in the SI
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(International System of Units) until it was superseded by the Josephson voltage standard
(JVS) in 1990. The first legal standard for the volt, namely, the Clark cell, was defined in
1894 by the U.S. Congress. The first standards were based on chemical cells. The Clark cell
was already superseded by the Weston cell in 1908 at the London International Conference
on Electrical Units and Standards. From there on, Weston cells were the new standard for
the volt, as they showed many advantages over Clark cells. Nevertheless, these cells are
sensitive to transport, changes in temperature, and small electrical currents. To maintain
long-term stability, a group of cells was used as a standard to compare the cells among
each other and replace cells when necessary [1]. Since 1948, the National Reference Group
of Standard Cells has consisted of 44 saturated Weston cells that were made from highly
purified materials and assembled under controlled conditions [1,2].

In the early 1960s, a new voltage reference appeared due to the growing semiconductor
industry. The solid-state Zener diode started to replace standard chemical cells for commer-
cial use, though they exhibited higher noise compared to standard cells. Further drawbacks
were their sensitivity to temperature, atmospheric pressure, and relative humidity. Their
overall advantage was the possibility for robust transportation [1].

In 1962, Brian Josephson predicted the Josephson effect, which was confirmed by
experiments one year later. He predicted that if an alternating current of frequency f is
driven through superconductor materials that are separated by a thin non-conducting
material, a tunnel effect occurs [3]. The generated voltage V, is defined by

Vn:nﬂ

2e’ M

where 7 is an integer value, h is Planck’s constant, and e is the elementary charge. The
ratio % ~ 483.6 MHz/uV is defined as the Josephson constant [1,3]. In the beginning,
only small voltages could be generated, which made it necessary to scale the values by
a factor of 100 and led to limitations until, in 1977, it was discovered that irradiation
with microwaves leads to quantized DC voltages in unbiased Josephson junctions. This
was the start of Josephson junction arrays in combination with radio frequency fields to
generate several volts [3]. To be in the range of one volt and above, several thousands
of junctions are necessary [1,3]. On 1 January 1990, the Josephson constant became the
new U.S. legal volt [1] and the JVS became the standard in NMlIs. Further derivatives
of JVS are programmable Josephson voltage standards (PJVSs), which can be used to set
the number of junctions and generate a desired voltage with high accuracy [3], as well as
Josephson arbitrary waveform synthesizers (JAWSs). However, the operation of a JVS is
rather expensive, as it only works at cryo-temperatures and requires liquid helium, has
complex and high-cost components, and is of large size. In this regard, there is some effort
to setup JVSs that are more compact in order to use them in calibration labs [4].
Meanwhile, a bank of Zener diode-based voltage standards is used as of today to
maintain the volt and to transfer it to calibration labs, while the bank is calibrated to the
JVS on a regular basis at NMlIs. Table 1 lists commercial voltage standards. It includes
the reference ICs used in the standard, stability of the system in a given period of time,
t.c., noise, and whether the system uses an oven. The values provided in Table 1 give a
hint about the comparability of the standards, because the values are provided in different
units if available at all. Besides information from datasheets that do not always contain
complete specifications, few scientific papers have focused on the specification of Zener-
based voltage standards regarding noise, t.c., stability, and other characteristics. There
has not been much research conducted recently in this field, and many standards have
existed for several decades with no successor. There are, however, a few publications on
this topic from the last decades that will shortly be introduced. The entries of ADCMT
6900 for stability and t.c. in Table 1 are the experimental results in [5]. Further research
on this standard dealt with the influence of atmospheric pressure on the standard [6].
Ref. [7] investigated the behavior of voltage standards with Zener-based voltage references
in a test scenario with power interruptions and their resulting drift. Ref. [8] presents a
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prototype 10 V standard based on LTZ1000 with details on the electrical circuit and relevant
components to adjust temperature and voltage in combination with resistor standards.
Ref. [9] proposes mathematical models for the long- and medium-term drift of voltage
standards as well as measurements on four different commercial standards, namely, Fluke
732A, Fluke 732B, Datron 4910, and Guildline 4410. Measurement values were taken
in an annual comparison over a period of 10 years. The column reference IC in Table 1
includes the Zener diode used in these particular standards. In the simplest version, this is a
combination of a Zener diode and a forward-biased diode or a combination of a Zener diode
and a bipolar transistor. Some of them include an on-chip heater, additional temperature
sensors, or complete oven controllers.

Table 1. Commercial 10 V voltage standards and their most important specifications with respect to
the 10 V output.

10V Solid-State Ic Stability [ppm] T.C. Noi o
eference o oise ven
Voltage Standard 30d 90d 1y [ppm/°C]
ADCMT 6900 [5] LTZ1000 - - 2 0.01 - On chip
Datron/Wavetek 0.04 ppm rms .
4910 [10] LTZ1000CH 0.3 1 1.5 0.05 (0.01-2 Hz) On chip
Mez?lr;t of four 0.5 (20-30 °C) <1 p}_)m pP-p
puts <1 (440 °C) (DC-1Hz),
Fluke 730A [11] DH80417B <10 within 1 ppm - 20 uVrms None
. <1.5 (04 and
of a straight 40-55°C) (1 Hz-
line 1 MHz)
o <1 ppm p-
0.5 (20-30 °C) (DCPZ Ifzf’
Fluke 731A [12] DH80417B 10 - - <1 (4-40°C) 20 uV rms Discrete
<1.5 (04 and (1 Hz
40-55 °C) 1 MHz)
<l ppm p-p
(DC-1Hz),
<1 (1045 °C) 20(5‘\}/[;“5
Fluke 731B [13] DH80417B +10 +15 +30 <2 (0-10 and 1 MHz) Discrete
45-55 °C) Except
<70 uV rms @
10 V output
:HZ'OS <1 puV rms .
Fluke 732A [14] SZA263 0.5 1 3 (0-18 °C and (0.1-10 Hz) Discrete
28-40 °C) ’
<0.04 £0.06 ppm
Fluke 732B [15] LTFLU-1 +0.3 +0.8 +2 a 5_3'5 °Q) rms Discrete
(0.01-10 Hz)
+0.04 +0.06 uV/V .
Fluke 732C [16] LTFLU-1A +0.3 +0.8 +2 (15-35 °C) s Discrete
<0.1 ppm
Wavetek /Fluke <0.05 rms
7000/7001 - +0.9 +1.8 <0'03 <0.05 ppm
7004N/T LTZ1000 - +0.8 +1.2 <0.02 rms On chip
7010N/T - +0.7 +1 o <0.03 ppm
(15-35°C)
[17] rms

(0.01-10 Hz)
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Table 1. Cont.
10 V Solid-State Stability [ppm] T.C. .
Voltage Standard Reference IC 20d 90 d 1y [ppm/°Cl Noise Oven
—3+2 <0.1 ppm
Guildline 4410 [18]  8x LM329AH - - (Ist year) +0.04 rms None
242 (16-28 °C) 0310 Hz)
(2nd year) ’ z
Transmilllc‘;]ESOOOZR LTZ1000 0.8 - 2 - - On chip
3.2 ppm + 13.1 ppm + 0.01 ppm + On chip
2720(37;}}5‘21_% pop  AxLM3%9 230y O3 sp@rrl‘; 5'3 231V 0.20 uV 30 wV rms and
@13V K @13V @13V! discrete
2.0 ppm + 53 ppm + 0.01 ppm + On chip
Valhal%goz]nocs 6x LM399 230y 20 spgl‘ 3+ 5'3 231V 0.20 uV 30 wV rms and
@13V K @13V @13V dis-crete
1.8 ppm + 3.5 ppm + 0.01 ppm + On chip
2720(\3’;1/}‘132; pop  BXLM3%9 230y 21 \};p@r?ej 5'3 231V 020 WV @13 30 uV rms and
@13V K @13V vl dis-crete

1 Using internal cal, 0-35 °C.

Zener diodes are driven in reverse direction. At small reverse voltages, the current
is mainly blocked, whereas at higher reverse voltages, the avalanche effect occurs. In
avalanche mode, the current Al increases rapidly, with only small changes in voltage
AV7. The capability of a Zener diode to regulate a voltage is measured by its dynamic
impedance as Zz7 = % at a given operating current [21]. As mentioned before, Zener
diodes are temperature dependent. Typically, they have a positive t.c. For this reason,
a forward-biased silicon diode, which has a negative t.c., is used in series with it. For a
specific operating current, these diodes in combination provide a near-zero temperature
coefficient (z.t.c.) [22]. A popular reference diode of this type is the 1N829. Besides this
simplest type of voltage reference, there are types including a bipolar transistor instead
of a diode. Examples of this type are DH80417B, SZA263, and later, LTFLU. Only little is
known about them because they were or are exclusively manufactured for Fluke. Hence,
no official datasheets are available. The LTFLU is, however, the successor for the SZA263,
which was manufactured by Motorola and used in Fluke 731A /B, 732A (Table 1), which
again is the successor of the DH80417B, manufactured by multiple companies, such as
Dickson, Siemens & Halske, as well as Texas Instruments. Those three voltage references
are often called refamps. Although the LTFLU is a refamp on a single die containing four
buried Zener diodes (BZD) in parallel [23,24], SZA263 and earlier DH80417B contained
two dies, a Zener diode and a transistor [23,25]. All three of them are unheated devices,
although LTFLU seems to contain two unused heater resistors [26]. This is why the LTFLU
in Fluke 732A/B/C is located inside a discrete oven assembly together with hermetically
sealed resistors or custom resistor networks and associated operational amplifiers. Multiple
publications report superior long-term behavior for such voltage standards [27-29].

To obtain even better performance in noise and stability, sub-surface Zener diodes
were invented, also referred to as BZDs. Further developments of voltage references led
to temperature-stabilized BZDs like LMx99. In addition to a BZD and a bipolar transistor,
they include a temperature sensor and a heater control circuit to stabilize the reference
diode at a certain temperature. As an example, LMx99 is a precision, temperature-stabilized
subsurface or buried Zener reference with the oven operating at a fixed temperature of
~90 °C and is a reference that was invented at National Semiconductor and later also
fabricated by Linear Technology. Eventually, the Ultra-Zener LTZ1000 was invented, which
includes a BZD, a heater, and a temperature-sensing transistor [30]. Here, the Zener
current and oven temperature can be set individually by external components for a specific
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target application. For about 35 years, it was the state-of-the-art commercially available
high-precision voltage reference without any successor. Table 2 lists the most important
parameters of all commercially available voltage references used in voltage standards
for comparison.

Table 2. Comparison of different commercially available voltage references used in test equipment.

Voltage Reference

Zener Reference Voltage [V]

Zener Noise

Temperature

Coefficient [ppm/°C]

Long-Term Stability

LM129A [31]
LM329A [31]
LM199AH (NS) [32]
LM299H (NS) [32]
LM399H (NS) [32]
LM399AH (NS) [32]
LM199 (LT) [33]
LM199A (LT) [33]
LM399 (LT) [33]
LM399A (LT) [33]

LTZ1000 [34]

ADR1399 [35]

ADR1000 ! [36]

Min. 6.7, typ. 6.9, max. 7.2 typ. 7 uV, max. 20 uV p-p Typ. 6, max. 10 20 ppm//kHr
Min. 6.6, typ. 6.9, max. 7.25 typ. 7 uV, max. 100 uV p-p Typ. 6, max. 10 20 ppm//kHr
Min. 6.8, typ. 6.95, max. 7.1 typ. 7 uV, max. 20 uV p-p Typ. 0.2, max. 0.5 Typ. 20 ppm
Min. 6.8, typ. 6.95, max. 7.1 typ. 7 uV, max. 20 uV p-p Typ. 0.3, max. 1 Typ. 20 ppm
Min. 6.6, typ. 6.95, max. 7.3 typ. 7 uV, max. 50 uV p-p Typ. 0.3, max. 2 Typ. 20 ppm
Min. 6.6, typ. 6.95, max. 7.3 typ. 7 uV, max. 50 uV p-p Typ. 0.3, max. 1 Typ. 20 ppm
Min. 6.8, typ. 6.95, max. 7.1 typ. 7 uV, max. 20 uV p-p Typ. 0.3, max. 1 Typ. 8 ppm//kHr
Min. 6.8, typ. 6.95, max. 7.1 typ. 7 uV, max. 20 pV p-p Typ. 0.3, max. 1 Typ. 8 ppm//kHr
Min. 6.75, typ. 6.95, max. 7.3 typ. 7 uV, max. 50 uV p-p Typ. 0.3, max. 2 Typ. 8 ppm//kHr
Min. 6.75, typ. 6.95, max. 7.3 typ. 7 uV, max. 50 uV p-p Typ. 0.3, max. 2 Typ. 8 ppm//kHr
Min. 7.0, typ. 7.2, max. 7.5 @ _
5mA R T Typ. 2 uV ykH
Min. 69, typ. 7.15, max. 7.45@ EP : yp- yp-2u r
1 mA 01Hz<f<10Hz
0.2 ppm p-p, 1.44 uV p-p @
IREF =3 mA,
01Hz<f<10Hz
1.44
Min. 6.75, typ. 7.05, max. 7.30 1 H;L\i Ién;sl@kHZ Typ. 0.2, max. 1 Typ. 7 ppm/+/kHr
200nV//Hz@f=0.1Hz
65nV/\/Hz@f=10Hz
58nV/\/Hz@f=1kHz
8.9 ppm @ 200 h (early life
) 0.14 ppm p-p, 0.9 pV p-p drift), 25 °C 2
%/IISHHFASZ typ 662, max. 6.67 @0.1 Hz < f <10 Hz 2 5 77 ppm @ 1000 1’1, 25 OC 2
= o2
Min. 654, typ. 6.59, max. 664  L0NV/VHz@f=01Hz%  Typ. <0.2 6.6 ppm @ 2000 h, 25 °C
@1mA 30nV/yHz@f=10Hz 6.2 ppm @ 3000 h, 25 °C 2

24nV/\/Hz @ f=1kHz?

0.5 ppm @ 1 year (after

first 3000 h), 25 °C 2

1 Chip set temperature (TSET) =75 °C; 21BZ1 =5 mA, ICQ1 = 100 pA.

At the Metrology Meeting 2021 in Stuttgart, Germany, Eric Modica, design manager
in the precision converter group at Analog Devices Inc. (San Jose, CA, USA) and project
manager to second source the LTZ1000, introduced a few new temperature-stabilized,
Zener-based voltage references to the broad community in a public talk, that is, ADR1399
as a successor to the LMx99 and ADR1000KHZ as a successor to the LTZ1000. In prospect,
he also introduced ADR1001, which could be understood as a single-chip solution to create
either 5 V or 10 V, with additional OpAmps and associated resistors in one package. All of
the mentioned references are BZDs. The development started in 2016, when ADI began an
internal project to second source the LTZ1000 for their converter products.

From a user point of view, the ADR1399 is similar but has lower noise and is a lower
t.c. drop-in replacement for the LMx99 with the oven operating at ~95 °C. The ADR1000,
however, is somewhat similar to the LTZ1000 but features lower noise, as provided in
Table 2.

Motivated by the superior parameters, a 10 V transfer standard prototype for labora-
tory use with commercial off-the-shelf components such as resistor networks and chopper
amplifiers was built to investigate how much effort it takes to reach the parameters provided
in the datasheet of the voltage reference.

2. Materials and Methods
2.1. Design of the Reference

The schematic for the transfer standard prototype is provided in Figure 1. Differing
from the example in [36], the reference internal heater is connected between the positive
supply rail and the collector of Q1. This allows the heater to be turned off by simply tying
the base of the transistor to the ground, which is achieved with jumper JL1. Similar to [37],
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the internal temperature-sensing transistor of the reference is used as a diode. Based on the
results in [38], resistor networks exhibiting low-frequency noise were chosen for the oven
setpoint R4/R5 as well as for the 10 V gain stage. The gain stage uses the low-noise chopper
operational amplifier AD4522, while the operational amplifiers related to the heater and
bootstrapped Zener are of type LT1006. An LDO type LT1763 provides 12 V to the whole
circuit, leading to a large voltage from about 13 V up to 20 V at its input.

38
X241
J— x22

J_CGSiICSG

T

>

T
l

g ——
R28

GND

Ref_GND

Figure 1. Schematic of the voltage standard.

The assembled reference board is shown in Figure 2a together with the prospective
power supply board in the background, which is basically a copy of the LT1533-based
DC-DC converter used in F7000. The assembled 10 V transfer standard in its final enclosure
is shown in Figure 2b. The ADR1000 voltage reference is covered on both sides of the board
with a wind shield to prevent air drafts. A Fischer Elektronik 19” die-cast aluminum slide-in
cassette and low thermal e.m.f. binding posts TBP3 are used to complete the assembly.
Figure 2c gives an inside look at the slide-in cassette assembled with the reference and
power supply boards.

2.2. Procedure and Equipment

In Figure 3, the procedure for determining the z.t.c. temperature and the compensation
of the temperature is shown. This procedure is suitable for references with the oven
integrated on the chip. For the determination of the z.t.c. temperature, a temperature
sweep in a thermal chamber is conducted with the oven on the reference chip turned off.
By plotting the change in Zener voltage that can be monitored at the output of IC1 over
the temperature in the thermal chamber, an area of the curve can be detected where the
Zener voltage does not change with changes in temperature of the chamber. The curve
is horizontal in this area, which means the slope in this point is zero. The temperature of
the thermal chamber is correlated with the voltage of the internal temperature sensor on
the reference chip. The temperature of the temperature diode inside the voltage reference
can be measured at the input of IC2. This voltage is used as the setting parameter for the
oven to operate it at its z.t.c. temperature. As this voltage and therefore the operating
temperature are known, the oven can be tuned to operate at this specific voltage. It is
desired that the voltage reference only have a small t.c, ideally, zero t.c. Therefore, another
temperature sweep is conducted with the oven turned on. By plotting the change in Zener
voltage over the temperature of the chamber and fitting the data to, e.g., a linear model,
the t.c. can be derived. To decrease the t.c., resistor R_TC is introduced and adjusted.
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Several iterations can be performed to improve the t.c. to close to zero, resulting in a
temperature-compensated voltage reference operating at its z.t.c. temperature.

(c)

Figure 2. The 10 V transfer standard prototype with (a) the reference board in the foreground and the
prospective power supply board in the background; (b) its enclosure; (c) the opened enclosure with
the reference and power supply boards inside.

Figure 4a shows a block diagram of the setup used for measuring the t.c. The reference
board is located inside a thermal chamber, which is controlled via an Arroyo Instruments
(San Luis Obispo, CA, USA) 5305 TECSource controller that is connected to a Raspberry
Pi via USB. The change in voltage of the reference board is measured by an ADCMT
(Namegawa, Japan) R6581D DMM, to which the standard is connected via the front termi-
nals. A Fluke Corporation (Everett, WA, USA) 7000 is connected to the rear terminals of the
DMM, which itself is connected to a Raspberry Pi that logs the data via a GPIB-USB-adapter.
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Temperature dependent
reference
g Turn off oven
¥ - ,
: 9
5 Turn on oven =
g 2
g \ J 2
3 T Adjustingr Tc || £
=] o
c r ) =
= Set oven to 2
= z.t.c. temperature 2]
E \ J
T Determine Calculate
= z.t.c. temperature residual t.c.

Thermal Chamber TEC Controller Arroyo 5305

(

Temperature-compensated reference
operating at its z.t.c. temperature

Figure 3. Block diagram of the procedure used for determining the z.t.c. temperature and for
temperature compensation. The procedure is suitable for references with an oven integrated on
the chip.

DSA Advantest R9211E

LNA
01-10Hz

(a) (b)

Figure 4. Test setup (a) for t.c measurement; (b) for noise measurement.

L Y —

In Figure 4b, the setup for measuring low-frequency noise, including the test equip-
ment being used, is depicted. The Advantest Corporation (Tokyo, Japan) Digital Signal
Analyzer (DSA) R9211E is connected to a Raspberry Pi via a GPIB-USB adapter. The
reference board and the low-noise amplifier (LNA) are located inside a metal can acting as
a shield, and the reference board is powered by batteries.

Figure 5 shows the block diagram of the test setup used for observing long-term
stability. It consists of two commercial and well-aged voltage standards type Fluke 7000,
and all differences are measured with fixed polarity by nanovoltmeters (NVMs) due to
the lack of a low thermal electromotive force (t.e.m.f.) scanner. The setup was inspired
by [38]. The transfer standard prototype with ADR1000 as the voltage reference and the
first F7000 voltage standard are connected to channel 1, and the transfer standard prototype
and the second F7000 are connected to channel 2 of an NVM Agilent 34420A measuring
their differences. The difference between the first and the second F7000 is measured by an
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NVM Keithley 2182A. Both NVMs are connected to a Raspberry Pi that logs the data via a
GPIB-USB adapter.

NVM Agilent 33420A NVM Keithley 2182A

4 4
ADR1000 F7000-1

1 r 1

F7000-2

e — |
) o @
L. . ) . )

Figure 5. Setup for long-term stability measurement. Wire colors are consistent with color of
long-term observation plot.

3. Results
3.1. Temperature Coefficient

To determine z.t.c. temperature and t.c., the procedure from Figure 3 was applied.
To set up the reference, the board of the transfer standard prototype was populated with
the minimal necessary number of components, that is, the Zener diode, with its required
components, including IC3, configured as a buffer. The oven of the Zener was turned off
by placing a link at the base of transistor Q1 to ground. The reference board was then put
into a thermal chamber and a temperature sweep was performed, while the Zener voltage
and the voltage of the temperature-sensing diode were monitored.

Figure 6 reflects the change in Zener voltage over the temperature of the thermal
chamber, while Figure 7 shows the same plot over the measured voltage of the internal
temperature sensor. During the measurement, the humidity was 53.8 £+ 1.2 %rH and the
ambient pressure was 991.78 &= 0.3 hPa. As can be seen, the z.t.c. temperature was found
to be ~55 °C, which equals a voltage of the internal temperature sensor of 508 mV and is
highlighted by the red circles.

Afterwards, the oven was turned on, with the reference being operated at the above-
found z.t.c. temperature. This was carried out by adjusting the voltage divider R4/R5
by means of fine trimming R15 to read a voltage of exactly 508 mV at the input of IC2.
According to Figures 6 and 7, the oven temperature could then be expected to be ~55 °C.
The remaining t.c. of the reference board with the oven of the reference turned on was then
measured by performing another temperature sweep, with the measured change in output
voltage over time and the temperature profile over time shown in Figure 8 and the change
in output voltage over temperature shown in Figure 9. During the sweep, the humidity
was measured to be 56.8 £ 0.8 %rH and the ambient pressure was 989.45 £ 0.43 hPa. After
applying a linear fit with

Au(T) = aT, ()
where Au is the change in Zener voltage in uV/V, T is temperature in °C, and « is

t.c. in pV/V/K, to the measured data in Figure 10 (red curve), a remaining t.c. of
o =0.229 uV/V /K was found.
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Figure 6. Measured change in output voltage of the buffered Zener voltage over temperature in
the thermal chamber with the oven of the reference itself turned off. The red circle marks the z.t.c.
temperature, as the slope of the change in Zener voltage is zero at this point.
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Figure 7. Change in output voltage of the buffered Zener voltage over the measured voltage of the
internal temperature sensor during a temperature sweep with the oven of the reference itself turned
off. The red circle marks the measured voltage of the internal temperature sensor, as the slope of the
change in Zener voltage is zero at this point.

The dwell time at 15 °C, 23 °C, and 31 °C explains the artifacts visible in the t.c.
plots provided in Figure 9 and following figures showing change in Zener voltage over
temperature. A comparison of the voltage reading of the internal temperature-sensing
diode with the temperature of the thermal chamber revealed that the majority of this
residual t.c. was coming from the surrounding circuitry and traces of the reference board
and not from the reference itself, as it showed no change over temperature.

Introducing and adjusting R_TC in series to R13 resulted in a reduction in the t.c. down
to x = —0.01 uV/V/K, as shown in Figure 10, with humidity measured to be 60.6 £ 0.7 %rH
and ambient pressure 985.96 £ 0.33 hPa. At such low levels, it was unclear whether the t.c.

was coming from the reference board itself or the used meter with which the measurements
were taken.
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Figure 8. Measured change in output voltage of the buffered Zener voltage and temperature over
time within the thermal chamber during the temperature sweep.
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Figure 9. Measured change in output voltage of the buffered Zener voltage over temperature during
a temperature sweep with the oven of the reference itself turned on. The blue curve shows the
measured data, while the red curve shows the linear fit applied to them.

Therefore, a temperature sweep was performed on the reference board, compar-
ing it directly to a Fluke 7000 sitting at room temperature. During this temperature
sweep, the humidity was measured to be 60.47 &+ 0.5 %rH and the ambient pressure was
985.76 £ 1.18 hPa.

As shown in Figures 11 and 12, the t.c. almost completely vanished in the observed
temperature range of 15 to 31 °C, which proves that in the aforementioned measurement
the t.c. of the DMM influenced the result.
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Figure 10. Measured change in output voltage of the buffered Zener voltage over temperature after a
first t.c. trimming during a temperature sweep with the oven of the reference itself turned on (blue).
The red curve shows a linear fit applied to the data.
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Figure 11. Measured change in output voltage of the buffered Zener voltage and temperature within
the thermal chamber during the temperature sweep over time. The influence of the DMM was
excluded by comparing the reference board directly to a Fluke 7000.

Finally, a gain of ~1.5 was added to the output buffer IC3 using a TDP1603 resistor
network since they are known to exhibit low noise [39]. We made use of the statistical
approach as described in [40]. Consequent trimming of one of the resistor elements within
the network by adding RN73 series resistors adjusted the output voltage to 10 V. The
resistors used are specified to have a t.c. of 10 ppm/K, so their overall contribution to the
t.c. of the resistor in the network should have been neglectable. This, however, led to an
additional t.c. that had to be compensated again by adjusting R_TC. The final t.c. of the
voltage standard is provided in Figure 13, showing a linear fit (green curve) with a slope of
o =0.003 pV/V/K. As can be seen, the gain stage also added some quadratic portion to the
overall t.c. with a square fit (red curve):

Au(T) = a-T + B-T?, (©)

giving 3 = —0.003 pV/V/K?and a = 0.147 uV/V /K. The humidity during this measurement
was 61.7 + 0.8 %rH and the ambient pressure was 983.09 & 0.41 hPa.
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Figure 12. Measured change in output voltage of the buffered Zener voltage over temperature after
t.c. trimming during a temperature sweep with the oven of the reference itself turned on and with
the influence of the DMM excluded (blue). The red curve shows the linear fit.
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Figure 13. Final measured t.c. of the reference board over temperature after trimming the output
voltage to 10 V and t.c. compensation (blue). The green curve shows the approach of a linear fit.
Better agreement with measured points can be reached with a square fit (red).

Although larger than before, the t.c. was still small for the typical 23 £ 5 °C tempera-
ture range of a laboratory environment.

3.2. Noise Measurements

Low-frequency noise measurements of the buffered Zener voltage using an LNA, as
depicted in Figure 4b, for the range of 0.1-10 Hz were performed over a course of 32 s. In
datasheets of voltage references, a typical time span of 10 s is provided. However, more
than one 10 s interval is desirable to see whether there is any popcorn noise present.

Therefore, the reference board was battery operated to prevent common mode noise
and was put together with an LNA inside a metal can. The LNA has a noise floor of
<100 nVp-p and amplifies the voltage noise by 80 dB. It is connected to the DSA, which
captures an interval of 32 s in the time domain.

A noise of ~76 nVrms or ~584 nVp-p was obtained, as depicted in Figure 14, which is
well below the value of 900 nVp-p provided in the datasheet for the ADR1000.
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Figure 14. Low-frequency noise (0.1-10 Hz) of the buffered Zener voltage.

Finally, Figure 15 shows the low-frequency noise of the amplified 10 V output. A noise
of ~143 nVrms or ~805 nVp-p was obtained, which is well within the expected order for the
amplified Zener voltage.
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Figure 15. Low-frequency noise (0.1-10 Hz) of the 10 V reference board.

From this point on, the 10 V reference board with ADR1000 was constantly powered
by an ultra-low-noise lab power supply based on an R-core transformer and 3x LT3045 in
parallel, while the F7000s were sitting in a F7000T rack, powered by the original Hitron
12.88 V linear wall adapter.

3.3. Long-Term Stability

Long-term drift was observed over a course of 850 days according to [41] and inspired
by the procedure in [38] for clocks.

During the first 250 days, only the differences between F7000-1 and F7000-2 (green
curve) as well as the difference between ADR1000 and F7000-1 (red curve) were measured
using two Keithley 2182As due to the lack of a t.e.m.f. scanner. The orange curve in
Figure 16 reflects a calculated difference for ADR1000 and F7000-2. With the presence of
another NVM, the setup was rearranged using a Keithley 2182A measuring the difference
between F7000-1 and F7000-2 and an Agilent 34420A measuring the difference between
ADR1000 and F7000-1 on channel 1 and the difference between ADR1000 and F7000-2 on
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channel 2, as depicted in Figure 5. The results of this long-term observation are provided
in Figure 16a, while the ambient conditions during this measurement are provided in

Figure 16b.
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Figure 16. (a) Long-term observation of all three standards by measuring their differences;
(b) ambient conditions showing ambient temperature, relative humidity, and air pressure.

In Figure 17, the differences of these measurements are plotted against each other,
showing that the measured and the calculated differences, besides minor variations due to
noise, match very well. Furthermore, the initial drift of the transfer standard prototype is
clearly visible, additionally highlighted by the arrows in the diagrams to indicate the trend
direction, which changed after 250 days.
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Figure 17. Differences of two standards each, plotted against each other (cyan dots are calculated
data, blue dots are measured data, arrows indicate drift direction).
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4. Discussion

The noise of the buffered Zener voltage as well as the 10 V output are remarkably low
for a single Zener-based voltage standard. The numbers exceed the expectations and are
exceptionally good in comparison to existing commercial voltage references and standards.

The overall t.c. of the 10 V output after proper t.c. compensation is judged to be
very low and neglectable for use in a normal 23 °C laboratory environment. However, the
statistical resistor network added a quadratic portion to the overall t.c., which is unexpected.
The reason for that might be investigated and found to be an uneven power distribution
within the network. This is the reason why we suggest connecting the resistors in an
interdigital fashion to handle this.

Next, long-term drift was observed. During the first 250 days, the low-noise solid-state
10 V transfer standard settled before an additional drift mechanism took over, which then
led to a drift in the opposite direction. It is yet unclear whether this drift is related to
the voltage reference itself or the statistical resistor network. Since the Zener voltage and
ground star-points are accessible, we aim to add a piggyback board with a buffer stage for
the raw Zener voltage. By measuring the difference between the buffered Zener voltage
and 10 V output, the root cause for the drift can be ruled out.

For the long-term observation, a method according to [41] was used, though without
polarity reversal due to the lack of a low t.e.m.f. scanner and using two nanovolt meters
instead. One might argue that this might be an improper way of measuring the differences,
as t.e.m.f. voltages do not cancel out, and that common mode jumps, which means that all
three voltage standards jump by the same amount in the same direction, are not covered by
such measurements. However, the ambient temperature was rather constant during the
observation, and it is rather unlikely that all three standards jump in the same direction,
as they can be assumed to be uncorrelated. The absence of a correlation can be explained
by noting that F7000-1 was manufactured post year 2000, with its DC-DC converter based
on LT1533, while F7000-2 was manufactured prior to year 2000, with a discrete built
DC-DC converter [42—45]. The LTZ1000 references in both F7000 have different dates
of manufacturing and should thus be uncorrelated to a large extent. The third voltage
standard is based on the ADR1000, with a different manufacturing process made in a
different fab, which underlines the argument.

The initial drift of the reference finished roughly after 250 days of observation time.
From there on, a different drift mechanism took over, reversing the drift direction. This
drift could be related to the resistor network of the 10 V gain stage and/or the reference
itself, though no correlation to changes in humidity or temperature were observed.

Although the datasheet for the ADR1000 claims a drift of 0.5 ppm/year after the first
3000 h, we observed a longer period for the first stabilization and a drift in the opposite
direction of ~—16 pV in the 800 days afterwards, without signs of settling just yet. The
time for the longer initial drift could be due to the fact that the reference is operated at
55 °C instead of the 75 °C given in the datasheet. A rule of thumb based on the Arrhenius
equation predicts a doubling to quadruplication of the reaction velocity for an increase in
temperature of 10 K. Thus, the observed stabilization period of ~6000 h is well within these
expectations, given that the reference did not undergo a burn-in procedure, as described
for LTZ1000 in [46].

A comparison of the transfer standard prototype in this work to two selected com-
mercial standards from Table 1 is given in Table 3. A t.c. smaller than Fluke 732C
and Wavetek /Fluke 7000 for our prototype was obtained, with exceptionally good low-
frequency noise.
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Table 3. Comparison of commercial 10 V voltage standards and the reference of this work based on
their most important specifications with respect to the 10 V output.

10 V Solid-State Stability [ppm]
Reference IC T.C. [ppm/°C] Noise Oven
Voltage Standard 30d 90 d 1y
Fluke 732C [11] LTFLU-1A +0.3 +0.8 +2 +0.04 (15-35°C)  40.06 uV/V rms Discrete
Wavetek/Fluke
7000,/7001 - +£0.9 +1.8 2008335 <<00615Ppm rms
7004N /T LTZ1000 - +0.8 +1.2 : O PPIUIMS o chip
7010N /T - +0.7 41 <0.02 <0.03 ppm rms
[12] ’ (15-35 °C) (0.01-10 Hz)
10V transfer <0.01 ~143 nV rms .
standard prototype ADRI000 ) ) ) 15-31°C 0.1-10 Hz On chip
P yp

5. Conclusions

A low-noise, low-t.c., solid-state 10 V transfer standard prototype based on ADR1000
for laboratory use was presented. The drift of the transfer standard prototype is still large
and nowhere near the datasheet value given for the voltage reference.

The impact of the 10 V gain stage is unclear, hence why we propose implementing a
buffered Zener output and, in addition, a separate 10 V gain stage output. By measuring
the difference between both, the effects of t.c. and long-term drift can be ruled out. Different
resistor networks and resistor schemes within the network for the 10 V gain stage should
be tested to identify the ones with the lowest impact on t.c. and drift but also to test several
different amplifier solutions, such as PWM-based ones, to avoid resistors completely.

Furthermore, we suggest treating the t.c. adjustment of the Zener voltage and the 10 V
gain stage separately. Thus, the t.c. of the Zener voltage could be adjusted by R_TC, which
resulted in very low temperature residues, as shown. For the 10 V gain stage, another
location within the circuit has to be identified.

Some of the aforementioned aspects will be addressed in the future. It is planned
to build more but slightly modified samples of the proposed transfer standard prototype
considering the achieved findings.

We additionally plan to investigate the impact of the oven temperature on initial
reference drift, as the drift value given in the datasheet of ADR1000 is specified for a
reference operated at a 75 °C oven temperature. The aim is to apply the aforementioned
procedure to identify z.t.c. temperature first; to adjust the remaining t.c. second; to then
operate the oven of the voltage reference at a higher temperature, e.g., at 75 °C or 100 °C, to
accelerate the initial drift until it has settled; and to then set back the oven to the previously
found z.t.c. temperature. In this context, larger temperature ranges, extending temperatures
below 15 °C and above 31 °C, could be investigated.
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