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This paper presents the design of a low-power voltage reference, bias current and the supply voltage for a 9-bit
fully differential ADC. The references, power supply circuits and the ADC are integrated in one circuit, i.e. chip.
The proposed chip is implemented in the UMC 0.18 um CMOS process and occupies 800x700 um?. The circuit
supply voltage V D D is obtained from the external RF signal. When the circuit is active V DD is used as a supply
for the rest of the circuitry. The circuit generates supply, reference voltages and currents when V. DD exceeds
the upper voltage level Virgr ~1.82 V. When V DD is lower than the lower voltage level Viow ~1.35V, the
circuit is off. When the circuit is active, the current consumption is 22 pA. The presented results are based on
measurements.
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Projektiranje izvora stabilnog napona/struje i napona napajanja niske potrosSnje za 9-bitovni AD
pretvornik sa simetri¢nim ulazima. U ovom radu opisano je projektiranje izvora stabilnog napona, stabilnih
struja i napona napajanja za 9-bitovni AD pretvornik sa simetri¢nim ulazima. Izvori stabilnih napona, struja i AD
pretvornik integrirani su u jedan Cip. Opisani Cip je projektiran u 0,18 um CMOS procesu tvrtke UMC i zauzima
800x700 um?. Napon napajanja &ipa V DD je dobiven iz vanjskog RF signala. Kad je &ip aktivan V DD se koristi
kao napajanje za ostale dijelove Cipa. Stabilni napon, struja i napon napajanja ukljucuju se kad V D D prijede gornju
naponsku granicu Vg rgg ~1.82 V. Kada je V DD nizi od donje naponske razine V,ow ~1.35V, ¢ip je iskljucen.
Kad je Cip ukljucen, potroSnja struje je 22 pA. Rezultati predstavljeni u ovom radu temelje se na mjerenjima.

Kljucne rijeci: Niska potro$nja, izvor stabilnog napona, izvor stabilne struje, naponski regulator, analogno-

digitalni pretvornik

1 INTRODUCTION

Integration of radio frequency identification (RFID)
systems with sensors has potential usage in infrastructure
and object monitoring, identification of harmful agents and
implantable biomedical devices [1]. Also, wirelessly pow-
ered healthcare sensors enable continuous health monitor-
ing [2,3]. In such systems available power is limited be-
cause the energy is very often extracted from environment
and used to supply chip (tag). One way of energy harvest-
ing is harvesting from electromagnetic waves.

The key component in intelligent RFID systems is an
analogue-to-digital converter (ADC) because it has to pro-
vide high resolution and low-power consumption [1]. The
designers of such ADCs are focused on lowering power
consumption and increasing the ADC speed. The exam-
ples of a low-power ADCs are presented in [1-9]. Very
often generation and stability of the reference voltages
for ADCs is an equally challenging task because classic
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bandgap voltage references are not used in the tags because
of low supply voltage of the tags. The papers [1,6] present
ADC:s but without the reference and supply voltage, while
the papers [2, 3] present the whole chip with on-chip volt-
age references, but it is not clear how the references are de-
signed. This paper focuses on the design of supply voltage
and fully differential reference voltages (presented in [10])
for the fully differential 9-bit ADC implemented in 0.18 p
CMOS process. The ADC is presented in [11].

2 SYSTEM DESCRIPTION

Fig. 1 shows the block diagram of the proposed chip.
The ADC voltage reference, bias current and the sup-
ply voltage from regulators are generated for the 9-bit
ADC. The powering strategy, which reduces required in-
put power, is adopted from [12].

The RE/DC converter converts harvested RF energy
to DC voltage V DD. The charge needed to produce the
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Fig. 1. Block schematic of implemented solution.

voltage V DD is stored in the external capacitor Csrorg
and when the proposed circuit is active, V DD is used as
a supply for the ADC voltage reference circuit, bias cur-
rent circuit and the voltage regulators. When V DD is low,
only voltage references are enabled so that the proposed
circuit consumes the minimum power. When VDD ex-
ceeds targeted upper voltage limit Vi g, the voltage de-
tection unit will enable the rest of the circuitry (the circuit
is active). When the circuit is active, the harvested energy
stored in the capacitor is decreasing as the capacitor is dis-
charging, which reduces the supply voltage.

At the low voltage limit Vzow the voltage detection
circuit will turn off the circuitry so power consumption is
minimum and the supply voltage will rise again. Vy;cg
is the maximum allowed supply voltage in given tech-
nology and Vzow is the minimum supply voltage of the
ADC. The proposed circuit operates in the voltage range
Viurea — Viow and the system has to be insensitive
to supply voltage variations. The value of the capacitor
CsrroRrE can be calculated as

I act * tact
CstorE = e
Vuran — Veow
where I, is the current consumption of the circuit and
tact 18 the time window in which the circuit is enabled. The
duration of ¢,.; depends on the ADC conversion time and
settling time of the circuitry, especially ADC references.

2.1 Voltage detection and voltage limiter

Fig. 2 shows the voltage reference circuit, the voltage
detection and voltage limiter circuit presented in [12]. A
low-power voltage and temperature compensated voltage
reference is presented in [13]. The circuit in Fig. 2 gen-
erates two 485 mV reference voltages which are insensi-
tive to voltage and temperature variations. One is for the
ADC (VADCRrEgr) and the other is for the voltage detec-
tor, voltage limiter and for voltage regulators (V DDgrgr).
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The reference generation for the ADC and for the supply
is separated in order to avoid possible propagation of in-
terferences generated by the voltage regulators. Also the
2 pF capacitor is added to VDDgrgr. The expression for
the reference voltage is given in [13]

1 W5/L5 1
Vks (\/ W?/L7> - \/%1 V2D

2

_ m*VEks [ N 21 o (Wy/Ly ;
2 (N—l) " (W3/L3) &
where N = +/ki/ka, (k = k,W/L), k,, is the nMOS
transconductance parameter in saturation, V3, is the thresh-
old voltage of the nMOS transistor, V7 is the thermal volt-
age and m is the subthreshold swing parameter. The stabil-
ity of the reference voltage depends on process parameters
(2) and it was checked by Monte Carlo mismatch analysis.
The mean value of the reference voltage is 485.8 mV and
the standard deviation is 0 = 7 mV. The mean temperature
coefficient (TC) is 7 ppm/°C and the standard deviation is
orc = 30 ppm/°C. The temperature coefficient is calcu-
lated in the range from -10 °C to 70 °C. Fig. 3 presents the
simulated stability of the reference voltage as a function of
temperature.

VADCRrer = Vin +

Iy

Due to the parasitic gate-source capacitance Cpg, of
the transistors M, and My a part of the voltage VDD
will be coupled to the reference voltages VADCRrpr
and VDDgrpr. When the voltage VDD rises or de-
creases, it causes the parasitic current I, through the par-
asitic capacitance. The additional parasitic current I},
will be added to the current [, causing error in the volt-
ages VADCRrpr and VDDpgpp. The parasitic current
Iy = Char(AVDD/AL) is proportional to the slope
(AVDD/At). The slope (AVDD/At) depends on the
charging capacitor C'srorp, i.e. the slope is lower if
Csrorg is larger. Since the current [ is in the order of
40 nA even small parasitic capacitance will cause the par-
asitic current I{; of few nA, which means that the only way
to reduce I}, is to have low (AV DD/At).

The voltage detector is a low-power comparator with
the hysteresis. Since the power consumption must be low,
four pMOS transistors are used as a voltage divider in-
stead of using large resistors. The transistors bulk and
source terminals are shorted and each transistor has the
same threshold voltage (i.e. same characteristics) and they
can be considered as resistor with equal resistance. When
VDD exceeds the level Vgijgg=4-VDDgrgpr= 194 V
(1.94 V is obtained from simulations), the comparator dig-
ital output N B is set low. This signal enables the rest of
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Fig. 2. Schematic of the voltage reference, voltage detection and voltage limiter.

the circuitry and the supply voltage IREF_V DD for the
current references; and C'sporp discharges and the volt-
age VDD decreases. When the voltage reaches the level
Viow=3-VDDgrgp=1.455V (1.455 V is obtained from
simulations), E'N B is set high and the circuit is turned off;
and Csrorp voltage rises. When VDD is in the range
1.455 V to 1.94 V, the circuit is active and the voltage hys-
teresis is 485 mV.

486 | g | g | g |

&
a

—e—VDD=1.4 V|
—+— VDD-18 V[

Reference
Voltage (ADC__), (mV)

3

0 0 10 20 30 40 50 680 70
Temperature, (°C)

Fig. 3. Simulated stability of the reference voltage over
temperature simulated in Spectre.

The voltage limiter detects if V' D D exceeds the break-
down voltage (2.2 V). When the voltage is too high, the
limiter will quickly turn on the transistor M7; and pull
large current which will discharge the capacitor Csrorg
and decrease V DD. In order to prevent a short circuit
V DD - ground, two pMOS-based resistors are added (My
and M 10).

The consumption of the circuit from Fig. 2 must be as
low as possible. The simulated overall current consump-
tion in the voltage range from 1.4 V to 2 V is 60 nA in a
typical case. The voltage reference circuit consumes 41 nA
while the voltage detection and voltage limiter consumes
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12 nA and 7 nA respectively. The worst case consumption
is 100 nA (fast corner, 70 °C).

As very low current flows (15 nA) into the transistors
Ms — Mg and the parasitic capacitances of the transistor
gates are large, the reference voltages reaches 485 mV very
slowly; the settling time is ~500 ps. On the other hand
V ADCRr g must be stable before the comparator enables
the circuitry. This can be achieved if VADCgrgF is gen-
erated at the same time as V D Dgrgrr. When the circuit is
enabled (EN B is low), VADCRggF has already settled at
485 mV.

2.2 Current references

VDD

IREF_VDD

IREF_BIAS

Current references

Current generator
Fig. 4. Current references.
Fig. 4 shows the current reference circuit. The

circuit is designed to generate six current references of
~100 nA for the voltage regulators and for the ADC refer-
ences and one reference current of ~150 nA for the ADC
(IREF_ADC). The current Iy can be calculated by using
(3). The simulated overall current consumption of the cir-
cuit is 1.2 pA. The stability of the reference current over
temperature and voltage variations is not crucial because
the generated currents are used as the reference currents for
the operational amplifiers used in the proposed circuit. It
is only important that these currents are as low as possible
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due to the power consumption restriction. The simulated
current variations over temperature and voltage variations
are shown in Fig. 5.

In order to minimize the current consumption the ref-
erence supply voltage IREF_V DD is disconnected from
the supply voltage V D D and the circuit is turned off when
EN B is high because the start-up circuit is disabled i.e.
the transistor M,,3 from Fig. 2 is off. After EN B is set
low, IREF_V DD is connected to the voltage VDD (i.e.
IREF_VDD = VDD). The start-up circuit is modi-
fied to ensure fast turn on. The parasitic capacitance C,,
slows down the start-up process because it takes time to
charge the capacitance. Therefore, the current Igiqrtup
charges the parasitic capacitance C), before the current ref-
erence circuit is enabled. Ig¢qrtup i the mirrored current
IREF_BIAS which is generated by the voltage reference
circuit. The transistor Mg3 is always on because it is con-
nected to V. DD and the current Isqrtyp Will charge C),
before the current reference circuit is enabled.
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Fig. 5. Reference current variations as a function of tem-
perature and supply voltage obtained by simulations in
Spectre. (a) Reference current variation as a function of
temperature, (b) Reference current variation as a function

of the supply voltage IREF_V DD.

2.3 ADC references

The ADC reference circuit is shown in Fig. 6. The in-
put voltage V ADCRrgr from the voltage reference subcir-
cuit (Fig. 2) is sampled on the capacitor C'sg= 4.5 pF in
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Fig. 6. ADC reference circuit.

order to avoid the issues related with the parasitic current
I{ which are described in Section 2.1. The capacitor value
is large due to charge injection of the transistor Mgy,. The
capacitor Cy p;»,=2 pF is used for filtering any interfer-
ence which might occur. The outputs are three voltages
Veuicr, Vemrp and Vrrow. Three voltages are neces-
sary because the ADC is fully differential. Vryrom and
Vrrow are high and low voltage references while Vrasrp
is the common-mode voltage. The voltage VADCRrgr
is first amplified two times to obtain the voltage Vrgr =
970 mV. Vigr is divided and then three reference volt-
ages are generated. To reduce current consumption the
feedback resistors Mp; and Mpo should be large. The
area is reduced by using the pMOS transistors Mp; and
Mg instead of resistors. In order to enable good match-
ing both transistors, Mg, and Mpo, are implemented as
four segments, i.e. as four transistors connected in series
with the gates tied together as in Fig. 6. Each segment has
a (W/L)=1pum/2um and the overall (W/L) ratio of the
transistors Mgy and Mpo is 1um/8um. The source and
bulk terminals of the transistors M 1 and Mg are shorted
so the transistors have the same threshold voltage and re-
sistance Rpgon. According to [14] the voltage Vrgr is

m
Vipr = VREFapc (1 n E) @)

where m is the number of transistors between the nodes
Vrer and Vg g and n is the number of transistors between
the nodes Vpp and ground. Since m=n=1 (Mpr1=Mp2)
the voltage Vrgr=970 mV.

The high reference voltage Vggicy =
Vrer= 970 mV. The transistors Mpr3 — Mpg are
the resistive divider used to generate the low reference
voltage Vrrow and the common-mode voltage Vrarrp-
The (W/L) ratio of Mg3 — Mpge is 4um/lpm and to
ensure good matching the transistors consist of parallel
units. Because the transistors Mpr3 — Mpgg have the
same size Vrrow= 485 mV and Vzyrrp = 730 mV. For
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better matching the transistors consist of multiple devices.
The capacitors Cry, Cgre and Cprs are the blocking
capacitors. Their task is to filter any interference which
could couple from the power supply V. DD. Also, the
buffers OAs — OA, prevents switching noise from the
ADC during AD conversion.

The power consumption of the circuit is crucial. In or-
der to reduce power consumption, the operational ampli-
fiers OA; — OAy are directly connected to VDD with-
out voltage regulators. This means that the amplifiers must
have good power supply rejection ratio (PSRR). The de-
coupling capacitors are connected to VDD to improve
PSRR.

Besides PSRR the reference buffers OA; — O Ay also
must be capable driving capacitive loads since the ADC
inputs are purely capacitive loads. Because the ADC has
9-bit resolution the buffers open-loop gain is Ay = 60 dB.
With 60 dB open-loop gain the voltage error at the output
of the buffers is less than 1/2 of differential nonlinearity
(DNL) for the ADC, e.g. Vrugrieag — Vrer ~0.95 mV.
During the AD conversion for each bit the buffers must
charge or discharge the ADC input capacitors (the DAC
capacitors) very fast and the reference voltages must settle
before the conversion of the next bit starts. The settling
time accuracy S is defined as S = 2% where b is the num-
ber of bits [15]. Under the assumption that the buffers are
modelled as a single-pole system the unity-gain bandwidth
(GBW) is given in [15]

InS

GBW BT )
where [ is the feedback factor of the closed-loop system
(for buffers f=1) and T is the settling time. The setting
time is defined by the speed of the ADC. The output volt-
age of the ADC, presented in [11], settles within 1.5 us
so the buffers must settle much faster and T is chosen to
be 0.5 us. According to (5) for the 9-bit resolution and
Ts=0.5 ps, the GBW is ~2 MHz.

The classic Miller compensated amplifier has very low
gain bandwidth (GBW) which depends on compensation
capacitor C¢ and it is not suitable for this application. Also
the speed is limited by the slew rate. The amplifier pre-
sented in Fig. 7 is capable to source and sink large currents
so the slew rate is not an issue although quiescent current
of the amplifier is only 1 pA. The GBW can be improved
if the amplifier is load compensated as the amplifier in Fig.
7.

Because of the small dimensions the amplifier offset is
o= 42.6 mV. Since the proposed ADC is fully differential
circuit the buffers OAs and O A4 from Fig. 6 are layouted
close to each other. In this way the differential offset can
be reduced.
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Fig. 7. Operational amplifier.

Table 1. Simulated performance of the amplifier

| Parameter | Value |
A, (dB) 61
GBW (MHz) 2.34
Phase margin (°) 54

PSRR@900 MHz (dB) | -70
Quiescent current (LA) | 1

Table 1 presents the performance of the amplifier
from Fig. 7 when C¢c = 4 pF. The transient simula-
tions confirmed that, when PM is 54 °C, the buffer
amplifier has no overshoots. Fig. 8 shows simulated
transient behaviour of the differential reference voltage
Verer pirr = VraigH — Vrrow during the AD con-
version. During the conversion the buffers OA; and
OA, charge the ADC input capacitors and the voltage
Verer prrr drops. The voltage settles to its nominal
value of 485 mV within 0.5 ps which is enough for the
ADC maximum conversion rate of 10 kS/s.

490 I I I I I I I

480 F i : H : : : |’ -

470 L ; ; ; ; ; ; ; 1

wl V]

VREF DIFF’ (mV)

450 i i i i i i i
41 42 43 44 45 46 47 48 49
Time, (ps)

Fig. 8. Transient simulation of the ADC references simu-
lated in Spectre.

2.4 Voltage regulators

The ADC does not need state of the art regulators so the
regulators, used in this design, are actually non-inverting
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amplifiers shown in Fig. 9. The amplifier gain is 3 and
the targeted output voltage voltage (AV DD or DV DD)
is AVDD = 3VDDgrgr ~1.45 V. The operational am-
plifier used in the voltage regulators is the same amplifier
which is used for the ADC reference generation (Fig. 7).
The pass element is the transistor M 45 (Fig. 7). To save
the area a pMOS transistors Mg, — M3 are used instead
of resistors. The transistors have the same (W/L) ratio,
but each transistor consists of two parallel devices to im-
prove matching. In order to track fast transition on AV DD
and DV DD pins the feedback loop, which is formed by
M g1 — M 43, must have fast response time. The parasitic ca-
pacitance Cr g slows loop performance and it must be re-
duced. This can be done by reducing (W/L) of M1 —Mys
and the transistor ratio is chosen to be 2um/2um. It is es-
timated that the capacitance Cprp ~ 20 fF. The value of
the blocking capacitors are C'g1= 33 pF Cpa= 34 pF and
they are implemented as an nMOS capacitor (MOSCAP).
The capacitor C'g3 value is 3.6 pF.

VDD

AVDD
(DVDD)

Fig. 9. Schematic of voltage regulators.

2.5 RF/DC converter

The schematic of the RF/DC converter is shown in
Fig. 10. The transistors are low threshold voltage nMOS
transistors with the typical threshold voltage of 220 mV.
The capacitors are metal-insulator-metal (MIM) capaci-
tors. The converter must be able to deliver at least the DC
output voltage of 1.94 V for the load current of 100 nA
with a minimum input amplitude. The load is the circuitry
for voltage detection and voltage limiter. The optimal num-
ber of half-voltage rectifier stages (), transistor size and
capacitor values are obtained by simulations. The simula-
tions have shown that the optimum circuit parameters are
W/L = 35um/0.24pum (all transistors have the same di-
mensions), C' = 0.6 pF (all capacitors have the same di-
mensions) and N=24. The simulations confirmed that the
requirements can be reached if the RF signal amplitude is
only 150 mV which is less than the threshold voltage of
the transistors.
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Fig. 10. RF/DC converter schematic.

3 CIRCUIT POWER-UP SIMULATIONS

Fig. 11 shows the simulated start-up behaviour of the
whole circuit from Fig. 1 except the ADC. The storage
capacitor Csrorp=11 nF and the input RF signal ampli-
tude is 200 mV (i.e. 400 mV,,). The capacitor value is
relatively small because the transistor level transient sim-
ulations of the whole circuit are very slow (typically few
days).

The digital signal EN B, after being set to low, en-
ables voltage regulators and voltage reference circuits
and the differential reference voltage Vrpr prrr, volt-
ages AVDD and DV DD from analogue and digital
voltage regulators are settled to final value after 40 us
(Fig. 11). The supply voltages vary when the circuit is
active. This is caused by slight changes of V.DDpggF, as
described in Section 2.1. In the simulated case the slope is
AV DD /At =323 V/s.

The transistor level simulations are very slow when the
RF/DC converter is included. This is because the incom-
ing RF frequency is 900 MHz and the amplitude is very
low (on the order of 200 mV, i.e. 400 mV,,) while the
start-up time is typically few ms and increases when the
storage capacitor Csrogrp increases. Therefore, for the
optimization of the circuit start-up and performance, the
RF/DC time domain model is used. The model is presented
in [16].

4 EXPERIMENTAL RESULTS

The fabricated prototype in Fig. 12 occupies
800x700 wum?. The measurement setup is shown in
Fig. 13. The regulator power-up and the ADC reference
power-up is shown in Fig. 14 for the case when the
storage capacitor is Csrorp= 47 UF. The RF voltage
from the signal generator HP E4421B is applied to the
input RF_IN on the chip package (Fig. 13). The signal
power is 8.5 dBm and the reflected power is 5.5 dBm
meaning that 3 dBm are delivered to RF_IN. This input
is connected by a bondwire to the input RF' from Fig. 1.
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Fig. 11. The generated voltages AV DD, DV DD and
VREFprr simulated in Spectre
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Voltage regulators ADC

Fig. 12. Die micro-photograph of the chip (the RF/DC con-
verter is not shown,).

Because of the bondwire impedance, it is possible that
even less than 3 dBm is delivered to the proposed circuit.

When the voltage VDD exceeds the upper voltage
limit Vi the circuit from Fig. 1 is enabled (EN B is
low) and the voltage regulators (digital and analogue) and
reference circuit are on. After V. DD drops below the low
voltage limit V7o, the circuit is off (EN B is high) and

AUTOMATIKA 57(2016) 1, 239-251

Multimeter:
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Resistive probe
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Agilent i for current
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Infiniivision
MSO07034B

From power  Measuremet
VREFH, VREFL, VCOM supply pads

Fig. 13. Measurement setup.

the regulators and reference circuit are off.

In Table 2 the reference voltages (Vrrnrau, Vrmip
and Vrrow), regulator voltages (AV DD and DV DD)
and the ADC reference current /REF _ADC are mea-
sured when the chip supply voltage VD D=1.8 V is a stable
external voltage.

The overall current consumption /., is measured when
the chip is active. The voltage drop Vgprobe is measured
on the 1 k€2 resistor probe and the current consumption is
Veprove/1 k§2. The digital 6 1/2 digit multimeter Keysight
34410A is used for the measurements.

4.1 Measurements of the analogue voltage regulator

The proposed circuit has two identical voltage regula-
tors. One of them is for the analogue supply and the other
one is for the digital supply. The results, presented in this
section, are for the analogue regulator.

Fig. 15 presents the measured power supply rejection
ratio (PSRR) of the voltage regulator from Fig. 9. The reg-
ulator PSRR is -38.1 dB@10Hz and the maximum value is
-15.15 dB@200MHz. This values are not state-of-the-art
but the ADC is immune to the power supply variations and
this level of PSRR is sufficient. For the PSRR measure-
ments the 100 mV,,;, sine AC signal is applied to the input
V' DD of the circuit (Fig. 1) and the DC voltage is set to
1.8 V. The AC voltage is swept in the range from 10 Hz to
200 MHz. The AC signal is generated by Keysight 33500B
in the range from 10 Hz to 30 MHz (30 MHz is the instru-
ment maximum frequency). The RF source HP E4421B
generates signals in the range from 250 kHz to 1 GHz and
itis used in the frequency range from 30 MHz to 200 MHz.
The three points are measured for each decade. The oscil-
loscope Agilent Infiniivision MSO7034B is used for the
measurement of the AC voltage at the regulator output.
The oscilloscope bandwidth is 350 MHz and that is the
reason why the AC signal is swept to 200 MHz instead of
900 MHz, which is the harvesting frequency. One of the
oscilloscope channels is used for the measurements of the
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b) The voltage reference power-up.

Fig. 14. Chip power-up.

Table 2. Measured performance of the chip (Csrorp= 47 UF)

‘ Parameter ] Value ] Description
Vuicu, (V) 1.82 High switching point
Viow, (V) 1.35 Low switching point
AVDD, (V) 1.472 Analogue regulator output
DVDD, (V) 1.4 Digital regulator output
VrLow, (V) 499.5m | Low reference for the ADC
VrMip, (V) 723.7m | Common-mode reference for the ADC
Vguics, (V) 971.7m | High reference for the ADC
IREF_ADC, (A) | 284n Bias current reference for the ADC
Lact (A) 221 The overall current consumption (including the

ADC) when the chip is active

AVDD PSRR (dB)
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Fig. 15. Measured voltage regulator PSRR.

peak-to-peak AC voltage at the input V DD and the other
one is used for the peak-to-peak voltage measurements of
the regulator output. In order to avoid the measurement
error, which could be caused by the oscilloscope channel
mismatch, the 20 mV,,, 30 MHz sine signal from the ref-
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erent source Keysight 33500B is measured and it is found
that both channels measure the same AC voltage, which
means that there is no mismatch in the channels. For a
better accuracy the oscilloscope averaging is set to 4096
counts.

Fig. 16 presents the measured DC performance of the
regulator. The regulator line regulation is 122 mV/V
(Fig. 16(a)). The line regulation is measured for the load
current I7,=10 pA. This is the maximum current consumed
by the analogue part of the ADC. The load current is set by
the instrument HP 4145B which is used as a current source.
The worst case load regulation in Fig. 16(b) is measured
for V.DD=1.6 V, which is the minimum regulator output
voltage. The load regulation is 4.22 mV/pA.

Fig. 17 presents the regulator transient response when
the load current changes from 0 to 10 pA for V.DD=1.6 V.
The measured falling edge settling time is 360 ps for the
load current step from 0 to 10 A and the rising edge set-
tling time is 484 ps for the step from 10 pA to 0. The
settling time is measured from the moment when the load
current reaches 5 pA to the moment when the regulator
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Fig. 16. Measured regulator DC response. (a) The reg-
ulator output voltage AV DD as a function of the circuit
voltage VDD when I1,=10 UA (b) The regulator output
voltage AV DD as a function of the load current Iy,.

Table 3. Voltage regulator performance

| Parameter | Value |
Line regulation (mV/V) 122
Load regulation (mV/pA) 4.22
PSRR@10Hz (dB) -38.1
PSRR@200MHz (dB) -15.15
Load transient response - rising edge (us) | 2.93
Load transient response - falling edge (pus) | 2.18

output voltage settles within 0.1% of the final value. The
settling time is long because of the parasitic capacitance
of the oscilloscope probes, PCB and probes of the current
source HP 4145B. The measured parasitic capacitance is
5.46 nF. The regulator is internally loaded with the 34 pF
capacitor which is 165 times smaller capacitor than the par-
asitic capacitance of the measurement setup. Therefore,
the estimated falling edge settling time is 2.18 us and the
estimated rising edge settling time is 2.93 us. Table 3 sum-
marizes the regulator measured parameters.

4.2 Measurements of the voltage references

Fig. 18 presents the differential voltage reference
VREFprrr = Vrorea — Vroow over supply volt-
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Fig. 17. Measured regulator transient response for the cur-
rent load jump from 0 YA to 10 pA.

age variations and temperature variations measured by
the 6 1/2 digit multimeter Keysight 34410A. The voltage
VREFprrr varies 1.6 mV for the input voltage range
VDD=1.6to 2.1 V (Fig. 18(a)). The VREFprF sta-
bility in the temperature range from 25 °C to 70 °C is
presented in Fig. 18(b) for VDD=1.6 Vand VDD=2.1 V.
The V RE Fpypp variation is 10.8 mV in both cases which
is 2% compared to the the voltage V REFprrp at room
temperature (25 °C). As it can be seen, the voltage
VREFp;rr decreases as the temperature increases. The
reason for this could be lower gain of the buffers from
Fig. 7 at higher temperatures.

The temperature of the chip was controlled by the cus-
tom made heater which was glued by the thermal paste on
the chip. The heater can change temperature in the range
room temperature to 100 °C.

As described in Section 2.1, because of the parasitic
gate-source capacitances of the transistors Mj; and Mp
in Fig. 6 the changes of the supply voltage VDD affect
the reference voltage. Therefore the triangular voltage
(Vac=400 mV;,, Vpc=1.8 V, f=1 kHz) from the voltage
source Keysight 33500B is applied to the input V. DD. The
frequency is set to 1 kHz, which means that the slope is
AV DD/At=800 V/s. The slope of 800 V/s is the worst
case slope, i.e. the slope is much larger than in case when
the large storage capacitor Csrorp= 47 UF is connected
to the circuit input VDD. When Csrorp= 47 UF the
slope is ~=0.47 V/s. The slope is calculated by using (1) for
Toyet=22 pA (Table 2).

The storage capacitor of 47 uF is chosen because the
ADC measurement (presented in section 4.3) requires a
lots of samples.

Fig. 19 presents the measured results. The variation of
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Fig. 18. Measured stability of the differential reference
voltage VREFprrr = Vruram — Vroow over supply
and temperature variations: (a) V REFprrr over supply
variations, (b) V REFprrr over temperature variations .

the voltage is VREFprrpr = £0.8 mV. For the designed
ADCVREFprrpr = £0.8 mV is less than 1/2 LSB.

The PSRR measurements of the voltage reference is
measured by the same setup and instruments as the voltage
regulator PSRR. Fig 20 presents the PSRR of the differen-
tial reference voltage V REFprrr = VrRuraa —Vroow-
The PSRR is measured at the outputs of the buffers from
Fig. 6. The measured PSRR is -41.6 dB@10Hz and the
worst case is -16.17 dB@200MHz.

4.3 ADC measurements

In order to test the designed voltage reference and volt-
age regulators they are connected to the ADC and mea-
sured together. Because the ADC digital signals are gener-
ated externally the voltage regulator for the digital part of
the ADC is not used.

The designed chip is active from the moment when
the supply voltage reaches Vg till the moment the
supply voltage decreases to Vrow, as described by (1).
As mentioned earlier, the reference voltage VADCRrgr
is sampled and stored in the capacitor C'sy= 4.5 pF in
the sample-and-hold circuit from Fig. 6 when the chip is
active. This voltage is used to generate the ADC refer-
ences (VRLOW’ VR]\{ID and VRHIGH)- If we would de-
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Fig. 19. Measured AC ripple. (a) AC input voltage (b)
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Fig. 20. PSRR of the differential reference voltage
VREFprrr = Vruica — VrLow.

cide to measure static characteristics (DNL and INL), the
chip would be active all the time and the leakage current
would discharge the capacitor C'sy and reduce the value of
the ADC references Vrrow, Vemip and Vrgram. That
means that the ADC static characteristics (DNL and INL)
can not be measured because the measurement lasts too
long. For a good accuracy in case of histogram method,
the input voltage must be sampled, i.e. very often more
than 100k times. On the other hand the dynamic measure-
ments are not so time consuming because they require few
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Fig. 21. Measured 2048-point FFT spectrum at 1 kS/s.

thousands of samples, in this case the input sine signal is
sampled 2048 times. The input sine signal amplitude is set
to 940 mV,,,, what is close to full scale range. The mea-
sured signal frequency is varied from 50 Hz to 500 Hz and
the signal is sampled with 1 kS/s.

During the measurement, the chip was supplied by the
DC voltage connected to the node VDD in Fig. 1. The
chip is enabled only when the supply voltage exceeds up-
per switching point Vi rar=1.82 V. Therefore, before the
dynamic measurement started, the DC voltage is set to 2 V
and then reduced to 1.7 V. After this procedure, the ADC
dynamic performance is measured.

Fig. 21 shows measured 2048-point Fast Fourier Trans-
form (FFT) of a 250 Hz sine signal. The measured spurious
free dynamic range is SFDR=67.2 dB, signal to noise and
distortion ratio SNDR=58.6 dB and the equivalent num-
ber of bits is ENOB=7.72. Fig. 22 shows the measured
ENOB and SFDR with respect to the input frequency. At
500 Hz (Nyquist frequency) ENOB drops 0.5 bit compared
to maximum value of 8.05 bits (100 Hz).

5 CONCLUSION

This paper presents the design of a low-power voltage
reference, bias current and the supply voltage for the fully
differential cyclic ADC. The references, power supply cir-
cuits and ADC are integrated into one circuit, i.e. the final
chip. The proposed circuit is implemented in the UMC
0.18 um CMOS process and occupies 800x700 pum?. The
circuit supply voltage V DD is obtained from the external
RF signal of 900 MHz. When the circuit is active, VDD
is used as the supply voltage for the rest of the tag cir-
cuitry. The circuit generates supply and reference voltages
and currents when V DD exceeds the upper voltage level
Varan ~1.82V.When V DD is lower than the lower volt-
age level Vow ~1.35V the circuit is disabled. When the
circuit is active, the overall current consumption including
the ADC is 22 pHA.
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Fig. 22. ENOB and SFDR of the ADC as a function of
input frequency.

The measured differential reference voltage
VREFprrpr is 472.1 mV which is close to the tar-
geted 485.8 mV. The variation of the differential voltage
VREFprrr is 1.8 mV when the voltage VDD varies
from 1.6 V to 2 V. The measured power supply rejection
ratio is -41.6 dB@ 10Hz.

The voltage regulator line regulation is 122 mV/V and
the load regulation is 4.22 mV/pA. The measured PSRR is
-38.1 dB@10Hz.

The designed voltage regulator as well as the ADC cur-
rent and voltage references are connected to the ADC and
the ADC dynamic performance is measured. The ADC
sampling rate is 1 kS/s. At 500 Hz (Nyquist frequency)
the effective number of bits is 7.5 bits, spurious free dy-
namic range 66.35 dB and signal to noise and distortion
ratio 47.8 dB.

Measurements confirmed that the designed circuit can
provide stable voltage references and power supply for the
9-bit ADC.
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