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HIGH PRECISION, VOLTAGE AND TEMPERATURE COMPENSATED
CURRENT SOURCE WITH DIGITAL POSTCORRECTION FOR
PROCESS VARIATIONS

This paper examines a new technique to reduce the impact of power supply rejection
ratio deficiencies in voltage regulators on the performance of current sources that are
supplied by these regulators. A voltage regulator with a PMOS output transistor was
designed to support 2-mA active load. The technique is relevant for modern 5nm and below
technology nodes. SPICE analysis performed over the designed circuit proved the worst
case PSRR value as of -35 dB at lower frequencies at wide temperature ranges of -40..125 °
C and supply voltages up to 0.994 V considering the process deviation within + 4.5 Sigma.
Voltage overshoot protection circuit was also developed to ensure safe operation of core
devices in various operation modes.
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Introduction. Power supply rejection ratio(PSRR) is a critical parameter
that quantifies a regulator's ability to maintain a stable output voltage in the
presence of variations in the input supply. Insufficient PSRR can lead to significant
output voltage fluctuations, which directly affect the stability and accuracy of
current sources. This instability can result in variations in output current,
compromising the performance of applications that require precise current
regulation. Additionally, the susceptibility of the current source to noise increases,
potentially leading to further degradation of system performance. The paper
discusses the implications of these PSRR issues, including their effects on thermal
performance and reliability, and emphasizes the importance of selecting voltage
regulators with adequate PSRR characteristics to ensure optimal current source
operation. Recommendations for design considerations and potential mitigation
strategies are also provided to enhance the overall performance of systems reliant
on VREGs and current sources. Currently, in the process of designing an IC, the
on-chip voltage regulators are typically used as an effective method of reducing the
impact of noise on supply power delivery networks (PDN). This method reduces
the impact of noise and regulates the supply locally, since the location very close to
the load needs to have lowest resistance between the supply and the active load. At
the same time, such approach reduces the cost of the project and the physical size
of the equipment, since there is no need to design additional voltage regulators on
the printed circuit board (PCB) and additional input nodes to deliver power, as well

as to design the supply network with high-quality and multi-level metal strips. A
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typical voltage regulating circuit is an operational amplifier (OPAMP) with
negative feedback, the input of which is biased with the required base voltage, and
the output is a noise-free supply voltage [1, 2]. As a result of the large input
resistance of the OPAMP, the input current is almost zero, which ensures the
equality OPAMPs inputs which, in turn, necessitates a fixed output voltage. The
capacitor placed at the output of the regulator reduces ripple in the output voltage
[1]. The presence of an input LPF ensures the presence of a noise-free voltage at
the positive input of the OP AMP. The LPF, which is set to filter the noisy low-
level power voltage supplied to the input of the circuit, should ensure as low a
cutoff frequency as possible so that incoming low-frequency noise does not get to
the output of the circuit. The main reason for these noises is that this voltage is
given also to digital IC nodes, in which the switching frequencies in modern
circuits are in the GHz range. In order to save IC surface area, the typical cutoff
frequency of the input filter is set to 100+150 kHz range. The elements R and C are
selected in such a way that the resistance R is not so large as to cause the transition
of the positive input OPAMP to a high resistance state. For this reason, this
resistance is selected in the range of 300+400 kOhm, and a 2.7+3.5PF capacitor is
put in accordance with it [3]. Depending on the type of the output transistor, the
voltage regulators are divided into two variants: voltage regulators with P-MOS
and N-MOS output transistors [4, 5]. The voltage regulators of N-MOS type are in
great demand, however, this type of stabilizer requires the use of auxiliary circuits
such as an internal oscillator, voltage multipliers, clock path design, etc. However,
unlike the N-MOS voltage stabilizer, the P-MOS type voltage stabilizers do not
require auxiliary circuits, but getting a good power supply rejection ratio (PSRR) is
quite problematic.

Statement of the Problem. The power supply rejection ratio (PSRR)
deficiencies of the voltage regulator (VREG) adversely affect the performance of
the current source that derives its supply from the VREG (Fig.1). Insufficient
PSRR can lead to output voltage fluctuations at the VREG, which in turn can cause
variations in the output current of the current source. This instability may result in
degraded performance in applications requiring precise current regulation,
increased susceptibility to noise, and potential thermal issues due to inconsistent
power delivery.

139



Vreg

Internal current generator

Start_up

SSF Vreg Initial_current
Current_dif

PTAT

Proposed calibration Iref
system

Fig. 1. The block diagram of a high precision current source

The constant increase in IC performance, as well as the application of these
circuits in a wide variety of fields, from portable devices to unmanned vehicles,
from military equipment to aircraft and spacecraft, force us to take into account the
size of IC, power consumption and problems of increasing stability. On the other
hand, it is known that the smooth operation of ICs is primarily due to the stability
of the current and voltage sources available in them. Hence, it becomes reasonable
to develop new methods and solutions that would enhance the effectiveness of the
existing measures. The block diagram of the voltage regulator consists of the
following main blocks: bias block, slow amp and a fast loop (Fig. 2) [4-6].
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Fig. 2. The block diagram of a PMOS voltage regulator

The Bias block is designed to generate the bias voltage, the Slow amp is
designed to determine the operating points of the voltage regulator, and the fast
loop - to ensure high system performance.

In standard SSF VREG structures, there is a noise penetration path due to the
small resistance r0 of the transistor P1 (Fig. 3). The operational amplifier in the
Slow amp reacts to penetrating noise within its speed (loop 1), forming an error
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signal at the output of the operational amplifier in order to maintain a constant
output signal, but this error signal vset enters the output of the voltage regulator
without any obstacles because in the fast loop vset represents the input of the

source follower.
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Fig. 3. SSF VREG DC PSRR deterioration problem in a standard structure

The Proposed Solution. The proposed system incorporates a digitally
programmable current source circuit, an 8-bit digital controller, a high-speed
comparator, and an integrated capacitor. The current source transistors, comprise
eight binary-weighted parallel cascade current sources, with each branch controlled
by a distinct digital bit, thereby providing a programmable current value with high
accuracy and resolution (Fig. 4).

] QTT‘”‘—ﬂ
H o A
Intemal curen} generator L
A |
H Veomp_m
SFVieg ) » ey
A M
S e
E
Dyl Contler J S W W— ‘ N\ W
VDD o—— D Dcm oTRLPTD, L ] A -
L~ I N S
IRLN70 AN Cp Cp T [
RESE(?—REQ | I f | W {
BB oo R
Vo 01K
CAPRST Velko —p
CPRST L
voo—) 1
™\ COMP_EN ‘
Reseto——) /

Fig. 4. The proposed current source and calibration system
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The developed SSF Vreg consists of 3 loops. To ensure high speed operation
of the Fast loop block, it consists of only 3 transistors. Since the Fast loop is
located outside the main loop, in order to obtain an accurate output voltage, a
replica cell of the fast loop was designed in the slow amp block. therefore,
obtaining the intended voltage at the output of the slow amp ensures that the same
voltage will be obtained at the output of the fast loop block.

vref = gain * xvbg )]

where vbg is the output voltage of the bandgap; gain - the amplifying factor of the
bias block: gain = 2.25; The transistor p1 has a fairly small resistance, which is due
to the small potential difference of its drain source.

replica_out = vref 2)
At the highest value of xvbg at the output of the Slow amp we obtain:
replica_out = vref =2.25 * xvbg = 0.945V 3)

At the minimum value of the supply voltage VDD min = 0.994 V, the
potential difference of the drain source of the transistor p1 will be:

Vds = VDD —replica_out =10.994 —2.25 * vbg = 0.994 — 0.945 =50 mV (4)

Due to the small output resistance of the transistor pl, the noise penetration
occurs. In the Slow amp, the operational amplifier generates an error signal vset to
maintain a fixed output of the slow amp — the Replica Out. The vset is the control
signal for the p3 transistor, which, in turn, is the input transistor of the source
follower located in the Fast loop. The error signal generated by Loop_1 will freely
pass to the vreg output - vreg_out. To prevent the noise penetration into the Slow
amp, a replica of the transistor p1 located in the Slow amp (replica p1) is developed
in the bias block (Fig. 5).
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Fig. 5. A Bias block of SSF VREG
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The noise penetration occurs again in the bias block for the same reason as
in the Slow amp. The operational amplifier put in the bias block generates an error
signal pbias at its output to ensure that the output of the bias block vref remains
constant. Since this error signal is also a control signal for the transistor pl in the
Slow amp, it turns out that a noise-free signal replica Out will be received at the
output of the Slow amp. It is necessary that for the pl and replica p1 transistors the
same operating conditions and the same dimensions are provided. The absence of
noise on the Replica Out will lead to the fact that the operational amplifier putted
in the Slow amp will not generate an error signal, therefore, the vset will be a
noise-free signal. Unlike the previous case, a noise-free signal will be received at
the input of the source follower, therefore, there will be a noise-free signal at the
vreg output as well. (Fig. 6).
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Fig. 6. SSF VREG DC PSRR improvement

When drawing up the layout of a circuit, it is necessary to take into account
some nuances. First of all, it is necessary that the transistors replica pl and pl be
located as close as possible to each other. The Fast loop block and its replica
installed in Slow amp should be positioned as close to each other as possible. All
the replica transistors must be perfectly matched to be in the same operating
conditions.

Simulation Results. To confirm the reliability of the theoretical analyses,
Spice modeling was performed using 5 nm FinFET technology. Frequency analysis
was performed to check the stability of the system (Fig. 7).
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Fig. 7. SSF VREG stability for the typical case
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The results obtained, depending on changes in voltage, temperature and
process, show that the system is sufficiently stable (Table 1).

Table 1
Measurement min typ max
adc (dB) 41.9 62.2 67.29
pm (deg) 58.36 67.78 76.77
gm (dB) 2422 29.29 32.52
f0 (megHz) 70.9 111.26 155.07

A time analysis of the dependence of the output voltage on temperature,
supply voltage and process changes was carried out (Fig. 8). From the results
obtained, it can be seen that the system provides a change in the output voltage by
+ 5% depending on the changes in the parameters listed above (Table 2).

Table 2

Measurement

min

typ

max

vreg_out (V)

0.82

0.84

0.85
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Fig. 8. The dependence of the output voltage

A frequency analysis was performed to verify the PSRR of the system (Fig.
9). From the results obtained, it is obvious that the system provides, in the worst
case, -35 dB DC PSRR and -19 dB AC PSRR in the frequency range up to 10 GHz
(Table 3).

Table 3
Measurement min typ max
dc_psrr (dB) -49.42 -40.84 -34.58
ac_psrr (dB) -25.05 -22.75 -18.41
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Fig. 9. The results of the frequency analysis
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The simulation of the proposed circuit, utilizing a digital controller, was
conducted under typical operating conditions.
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Fig. 10. The dependency of the reference current on the ambient temperature variation

In this specific scenario, it was observed that the initial current output was
measured at 15 pA (Fig. 10). The results show that the reference current variation
for the -40...125°C temperature range considering the process variations in +3
sigma range and supply voltage variation in £10% range is less than 7% (Fig. 11).
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Fig. 11. The dependence of the output current on temperature, as well as supply voltage
and technological changes
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In summary, the results demonstrate that the variation in reference current
is maintained at less than 7% throughout the specified temperature range,
accounting for both process variations and fluctuations in supply voltage. This
performance characteristic highlights the circuit's reliability and its appropriateness
for integration into diverse electronic applications, where precise current regulation
is critical for optimal operational performance.

Conclusion.

In this paper, a novel design technique for voltage regulators has been
proposed, designed and simulated. According to those simulations the new circuit
is capable to provide an accurate output voltage and operate in -40..125°C
temperature and = 15% supply variations ranges by providing -35dB DC PSRR
compared to the existing architecture, which provides lower DC PSRR values. The
main limitation of the technique is the usage of a bias block as well as the
estimated area increase by 10%. Both requirements are acceptable considering
more relaxed requirements for such parts of IC.
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pnyend: Lwfuwgdyb) U Wwonwywuwwu ufubdwubp' pwpwy opuhn npwughuwnnputiph
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Unwugpuyhti pwnbp. (wpdwu Yujniuwpwn, wndnwy, ywwnbbu, hGuwlwihu jwpnud:

B.A. CAAKSH, P.M. COI'OMOHSH

HCTOYHUK TOKA C BBICOKOI TOYHOCTHIO, KOMIIEHCAIIUEN
HAIIPSIKEHUS U TEMITIEPATYPHI U C IU®POBOM
IOCTKOPPEKIIUEM 1151 BAPUAIIMM ITPOIIECCA

[Tpemnoxxena HOBast METO/IMKA CHW)KEHUS BJIMSHUS IIyMOB ITUTaHUs HA pabOTy MCTOU-
HHMKOB TOKA, MUTAIOIINXCS OT PETYISITOPOB. PerynsTop HapsHkeHHUsI ¢ BBIXOIHBIM TPAH3UCTO-
pom PMOS 6511 pa3paboTaH Ut TOAACPKKHA aKTUBHOW HAarpy3ku 2 mA. Meroauka akTyansHa
JUISL COBPEMEHHBIX y3JI0B TexHonoruu 5 #u u Hwke. Ananus SPICE, npoBeneHHbIN Hax pas-
paboraHHOW cxeMoii, mokasan Hauxyee 3HaueHrne PSRR -35 0b Ha Oosee HU3KHX YacTo-
Tax B IIMPOKHX AHana3zoHax temnepatyp -40..125 °C u Hanpspkenuit nutanus 10 0,994 B ¢
y4eTOM OTKJIOHEHHUs Ipolecca B mpexenax + 4,5 curma. Taxke Obula pazpaboTaHa cxema
3alIMTHl OT MEpeHaIpsHKeHUst Uit odecriedeHust 0e30macHoi paboThl OCHOBHBIX YCTPOMCTB
B Pa3IMYHBIX PEKUMaX PabOTHI.

Kniouesvle cnosa: perynsatop HaupsDKEHUs], IIyM, KOIIHS, CMEIAOIIee HaNPsHKEHHUE.
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