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Abstract: A voltage reference generator in GaN IC technology for smart power applications is de-
scribed, analyzed, and simulated. A straightforward design procedure is also highlighted. Compared
to previous low-power monolithic solutions, the proposed one is based on a single branch and on
transistors operating in a subthreshold. The circuit provides a nearly 2.7 V reference voltage under
4V to 24 V supply at room temperature and with typical transistor models. The circuit exhibits a good
robustness against large process variations and improves line regulation (0.105 %V) together with a
reduction in area occupation (0.05 mm?2), with a reduced current consumption of 2.7 uA (5 pA) in the
typical (worst) case, independent of supply. The untrimmed temperature coefficient is 200 ppm/°C.

Keywords: AlGaN/GaN HEMT; smart power; wide bandgap; voltage reference; planar integration

1. Introduction

Voltage reference generators are fundamental building blocks used in the power man-
agement section of virtually any integrated circuit (IC) system. They provide a stable
and accurate reference output voltage, Vrgr, that is used by other blocks to work cor-
rectly. Examples of systems that exploit voltage references for proper function include
switching power converters, linear regulators, oscillators, PLLs, A/D and D/A converters,
operational amplifiers, etc. The characteristics of Vrgr are usually measured in terms of
insensitivity to supply voltage variations (either as line regulation, AVrgr/AVpp, or power
supply rejection, PSR, as a function of frequency) and to temperature (voltage drift or
temperature coefficient, TC = AVggr/AT). Insensitivity to load variations (load regulation,
AVRer/ Al pap) is another important feature that is often achieved by a following voltage
regulator circuit. Other sources of inaccuracy in IC implementations are caused by process
variations and mismatches.

After the seminal work carried out by Widlar in bipolar technologies [1] and the
related following developments, CMOS voltage references have been devised, which
were based at first on the Widlar bandgap technique [2-4] and, later, on alternative ap-
proaches more suitable under low supply voltages [5-8] and low currents [9-14], specifically
aimed at satisfying requirements of modern battery-operated, energy-harvested, and wear-
able/implantable electronics.

In these last years, the emergence of GaN (gallium nitride) HEMT (high electron
mobility transistor) technologies have attracted considerable interest by the power IC
design community. Indeed, GaN HEMT processes are ultimately being developed in
an attempt to allow for the realization of next-generation, fully integrated GaN power
converters integrating both high-voltage power devices and low-voltage peripheral driving
devices with mixed-signal functional blocks into the same substrate (smart power). A
monolithic solution is in fact preferable as, in addition to minimizing the area, the cost,
and the packaging effort and to improving the reliability, this solution also reduces the
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interconnection parasites between the driver and the power switch. This allows for all
the potential advantages of the wide bandgap GaN devices, which can be summarized
into higher power density, breakdown voltage, operating temperature, and frequency and
lower on-resistance when compared to traditional power MOS devices [15-18].

In the field of smart power electronics, the implementation of a monolithic GaN gate
driver for a GaN power switch is one of the major emerging research targets [19-26], as
it is one of the main building blocks of power converters. Of course, a GaN gate driver
needs auxiliary sub circuits to operate correctly, including a voltage reference generator.
Unfortunately, the available GaN technologies for smart power ICs are far from mature and
suffer from a large spread in process parameters, especially in terms of device threshold
voltages. This is a severe limitation when implementing a voltage reference that must
provide a reliable, maximally constant voltage under the extreme technology corners other
than in a wide temperature range. In this context, previous GaN solutions are basically
focused on minimizing the temperature coefficient of the reference voltage, but disregard
the problem that different samples from different lots may provide very different reference
voltage values owing to the very large parameter spread.

In this paper, the topology of a voltage reference generator designed in a commercial
AlGaN/GaN technology for smart power applications [27,28] is presented. The design is
not trivial and takes into consideration the limitations of the technology that provide only
n-channel enhancement (E) and depletion (D) devices but lack a complementary p-channel
transistor and p-n junctions. In particular, since p-n junctions are essential for bandgap
references, new methods that allow for the design of a low-TC reference generator operating
in the wide temperature range offered by the GaN technology and in a wide supply range
from around 4 V to 24 V, as required by consumer and automotive applications, must be
devised. In addition, low area occupation and low current consumption are key features
that are more and more in demand also from the automotive sector. Indeed, the number of
electronic devices to be embedded in the vehicle is constantly increasing and this should
not significantly impact the battery autonomy.

The paper is organized as follows. Section 2 illustrates the solutions found in the
literature. The proposed architecture as well as an accurate design methodology are then
presented in Section 3. The main simulation results are summarized in Section 4. The
authors’ conclusions are drawn in Section 5.

2. Previous Art

The simplest and most widely used method for implementing a voltage reference in a
GaN IC exploits an external zener diode. However, this causes non-negligible drawbacks
such as the increase in inductive parasitic effects due to the bonding wires and, above all,
large temperature drift in Vrgr. It is therefore essential to avoid the zener diode and to
realize the voltage reference in a monolithic form to counteract these drawbacks.

2.1. Schottky-Diode-Based GaN Voltage Reference

The first monolithic voltage reference in AlIGaN/GaN HEMT and Schottky diodes
technology [28] is depicted in Figure 1 [29]. The depletion transistor, Qp;, implements a
current source and is operated in the subthreshold regime to obtain relatively low power
consumption (0.8 mA at room temperature). It should be noted that Qp; must also provide
enough current driving capability to the external load to prevent Vrgr from being affected
by the load because no additional voltage regulator was used in this application. Diodes
D3 and D, implement a source degeneration of Qp; that stabilizes the current magnitude
against process tolerances (for instance, variations of threshold voltage of Qp;). Moreover,
D3 and Dy also allow for compensation of the effects that temperature changes have onto
D1 and D2~
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Figure 1. Schottky-diode-based GaN voltage reference [29].

The output reference voltage is expressed by

Vrer = — Vp1 — Vpo. 1)

A TC of less than 0.5 mV/°C was reported in [29].

It should be noted that the voltage drop across D3 and D must be smaller than the
magnitude of the threshold voltage of Qp; to ensure the transistor turn-on.

This early solution suffers from several drawbacks. A negative supply voltage (—9 V)
is indeed required; otherwise, Vrrgr would depend linearly on Vpp, which means unitary
line regulation. A relatively high temperature coefficient is also observed and Schottky
diodes are not always offered by commercial GaN platforms. Finally, a high current
consumption is found.

To solve these drawbacks, two reference voltage generators based on two different
current mirrors were proposed in [30].

2.2. Reference Voltage Generators Based on Current Mirrors

The first solution discussed in [30] is shown in Figure 2 and is based on the Wilson
current mirror (Qg1—Qg3), in which the reference current Irgr = Ig p1 is realized through
Qp1 and the current limiting resistor Ry. As shown in [30], the circuit’s loop gain ensures
that approximately the same current Iggr flows in the two branches.

Figure 2. GaN voltage reference based on Wilson current mirror [30].

By setting R; suitably large, we obtain a very small Irgr value, so that Qp is biased
in the near threshold, i.e., Vg p1 is approaching the (negative) threshold voltage Vry p,
whereas Vs g1 and Vs gy are approaching the threshold voltage Vrp E:

VsG,p1 VrH,D
IRpr = —5— ~ ———~ )
Rq R4
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It is shown in [30] that the threshold voltages of the D-type transistor and of the E-type
transistor were both proportional to the absolute temperature (PTAT), with the TC of the D-
GaN smaller than that of the E-GaN. For the specific adopted technology, setting Vps =1V,
it is seen that Vy p increases with temperature by 1.1 mV/°C, whereas Vry  increases
with temperature by 4.1 mV/°C. As a result, Irgr will exhibit a complementary to absolute
temperature (CTAT) behavior.

Equally sized transistors Qg1—Qp» of the Wilson current mirror ensure, at a first
approximation, the same drain current Ipg; and Ipgy; hence, we have Ipgy ~ Ipg1 = Irer.
As a consequence, Vrgr is given by

R
VRer = Vgs,e2 + Ip,p2R2 = VrHE1-F2 — RijTH,Dl' (©)]

From the above considerations, it is seen that an ideally zero TC can be achieved by
suitably setting the ratio Ry /R to 4.1/1.1 = 3.72.

The main drawbacks of this solution are listed below. Vg is still dependent on Vpp
because the drain-to-source voltage seriously affects the threshold voltage of the E-GaN
(with a slope of —36.3 mV/V [30]). A large area occupation is caused by the required large
values of Ry and R,. Unavoidable mismatch affects Ipg1 and Ipgy because Qg1 and Qg»
work at substantially different Vpg values.

A second improved solution was then presented in the same paper [30], as described
below. A wide-swing-cascode structure Qg;—Qg4 is used to suppress the Vpg variations
of Qp1—Qp» and to accurately set Ipg1 = Ipgs. Moreover, Qg3 in Figure 2 is changed into a
depletion device, Qpy, in Figure 3. This choice allows us to decrease the minimum required
Vpp that can be now from 3.9 V to 24 V, thanks to the negative threshold of Qp;.

Figure 3. GaN voltage reference based on wide-swing-cascode current mirror [30].

With a similar analysis performed before for the circuit in Figure 2, we obtain the
expression of Vggr for the circuit in Figure 3:

Ry +Rs3
VRer = VTHE — R, VrH,D- 4)

Again, as in (3), by suitably selecting the ratio (R, + R3)/Ry, the TC of Vggr can be
ideally nullified.

This solution is still affected by some drawbacks. Vggr is residually dependent on
Vpp because current Ip; in saturation linearly depends on Vpg through the Early effect,
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and Vpg is in turn the result of the Vpp voltage divider between the output impedance of
Qp1 and that of the current mirror (drain of Qgs), which are both high impedances. A large
area occupation is still caused by the required large values of the resistors. Two branches
are used.

2.3. 2-T Voltage Reference

The 2-T voltage reference was recently proposed in [31] and its schematic diagram is
shown in Figure 4. It is constituted by only one branch made up of two transistors, a depletion
device, Qp; (acting as current source and a diode-connected enhancement device) and Qg
(acting as a diode-connected load). From inspection, we see that Vigs g» = —Vs,p1 = Vrgr with
both transistors currents equal. Assuming Qg; and Qp; in saturation with the expression
of the currents in the form Ip = k,(Vcs — V1)?, where k,, is the transconductance factor,
we have

kn,E
kn,D

ky
L+ rp

By suitably selecting the transconductance factor ratio, ky, £ /k, p, the TC of the refer-
ence voltage can be minimized.
From (5), we can also evaluate the reference current:

Vrae — VraD

©)

VREF =

2
-V —Vry
IRer = kne(VReF — Vime) ~ ke b - 2 (6)
LRRVE o7

The main drawbacks of this solution are listed below. Vggr is dependent on Vpp
because current Ip; of Qp; in saturation linearly depends on Vpgs through the Early effect,
and Vpg is in turn equal to Vpp — Vger. Though the minimum number of transistors
is used and no resistors are exploited, a large area occupation is still necessary because
large channel lengths are required to reduce the current consumption and to improve line
regulation. It should also be noted that current Irgr cannot be freely chosen, once the
transconductance ratio is set for TC minimization.

Figure 4. 2-T GaN voltage reference [31].

3. Proposed Voltage Reference Generator

The proposed solution aims at four main targets, namely low area and low current
consumption independent from supply; robustness against process corners; and of course,
a reasonably low temperature coefficient. These features must be obtained under an
additional constraint derived from the adopted technology that is characterized by D-type
transistors with very stable threshold voltage, V1 p, in which TC is about 250 uV/°C,
much lower than the TC of Vry g (that is 4.2 mV /°C). This technological behavior then
makes approaches such as that in [30] almost useless because, using (3) or (4), the TC
minimization of Vrgr would require an extremely large and unpractical resistor ratio (as
high as 17).



Electronics 2022, 11, 1840

6 of 13

To achieve the aforementioned goals, the proposed voltage reference generator shares
the best properties of previous topologies [30,31] but with a further reduction in current
consumption by operating all the transistors in their subthreshold region. Furthermore,
insensitivity to supply voltage variations and parameter spread is improved through
suitable circuit solutions and design strategy.

3.1. Circuit Description

The schematic diagram of the proposed GaN voltage reference circuit is illustrated in
Figure 5. As in [31], a single branch is exploited to halve current consumption with respect
to the two-branch topologies and, as in [30], the reference current can be arbitrarily set by
means of resistors.

Figure 5. Proposed single-branch, double wide-swing-cascode, voltage reference.

The topology is made up of an upper-side section (Qp1, Qpy, and R;) that generates
the reference current and a lower side section (Qg1, Qg», Ry, and R3) which acts as an
active load.

From inspection of the reference current generator formed by the wide-swing structure
Qp1-Qp2 and current-limiting resistor Ry, current Igxgr (flowing from Vpp to ground) is
equal to Vsg p1/R;. Unlike in (2), Vs p1 cannot be approximated by —Vry p because the
transistors will be all operated in subthreshold. Therefore, previous analyses such as those
carried out in [30] and [31] cannot be adapted to this case and new design equations must
be developed, as described in Section 3.2.

It is seen that the additional cascode device Qp; in the current generator does not vary
the value of Iggr, but it allows for decreasing the second-order dependence of Irgr (and
hence of Vrpr) on the supply voltage. Indeed, Qp; shields the drain-source voltage of Qp;
from Vpp variations by setting Vps p1 constant and equal to Vsg p», hence independent
of VDD-

Hence, assuming that Qp; and Qp, have the same aspect ratio and the same drain
current, we have that

—Ves,p1 = =Vas,p2 = Vps,p1 @)
As a drawback, the minimum supply voltage is slightly increased by Vpg p1.

The reference current is then injected into the low-impedance load made up of transis-
tors Qp1—Qp2 and resistors R, —R3, which act similarly to the previous circuit of Figure 3.
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It should be noted that the function of cascode transistor Qg is to make Vpg g1
independent of the threshold voltage variations caused by the large process spreads. Indeed,
a simple evaluation shows that

Vps,e1 = Vis,e1 — Vis,e2 + R3IRrer, 8)

indicating that a global variation affecting both thresholds of Qg; and Qg, does not vary
Vps,e1.- On the contrary, Vpg pp depends on Vs k2

Vps,e2 = Vis,e2 — Vps,E1- )

3.2. Analysis and Design Strategy

The analysis of the proposed topology begins by evaluating the reference current.
Equation (2) is rearranged here as in (10) to take into account that Qp; operates in the
subthreshold. In particular, AVgp is the amount of subthreshold voltage:

Ingr — Vsgo1  _ Vrup + AVsup
Ry Ry

(10)

Assuming as a design specification Irpr = 2.5 pnA, using minimum size depletion
transistors, and considering that in the adopted technology Vg p = —691 mV, by setting
AVsyp = —150 mV, we have from (10) that the required value of R; is about 340 k().

Once Iggr is set, assuming that Vs p1 and Vg pp are almost equal, we can set Vpg 1
from (7) through R3. For Vpgs g1 around 300 mV, Rz = 300 mV /2.5 pA =120 kQ) is required.

Let us now consider the lower part of the circuit. The reference voltage is expressed by

VRer = Vgs,e1 + (R + R3) IRgr. (11)

As stated before, the very small TC of Vry p is reflected into Irgr that is almost constant
with temperature. The last term of (11) is hence roughly constant with T, and consequently,
the TC of Vrgr is dominated by the TC of Vs r1. Note that following an approach such
as that in (3) or (4) would lead to an impractically large Ro+Rj3 value that is 17 times R,
i.e., around 5.8 MQ). We instead utilize (11) to compensate for the variations in Vggr due
to process corners. Specifically, SS, or slow-slow models, are characterized by the highest
threshold magnitudes for both E- and D-type transistors, and FF, or fast-fast models, are
characterized by the lowest threshold magnitudes. The large thresholds spread of the
adopted technology is summarized in Table 1, which shows 42% and 28% variations in
Vi e and Vg p, respectively, at room temperature. Considering the SS corner and (10) and
(11), it is seen that Vg g (VTH p) tends to increase (decrease) Vggr. The FF corner works in
the opposite manner. As a result, there is an optimal value of Ry+R3 that minimizes the
effect of the process spread at a specified temperature. By considering SS and TT corners
and taking the absolute value of the threshold differences, from (10) and (11), we have

AVTHE

R Ry~ ——
2% |AVrH D

R4, (12)

which gives R, + Rz around 555 k() and, consequently, R, = 435 k() since Rj is al-
ready known.

Table 1. Threshold spread in SS and FF corners (room temperature).

Thresholds Typ SS FF

Virg (V) 1.62 2.28 0.918
Vrrp (V) —0.691 —0.287 ~1.10
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Consider now the enhancement devices. The following simplified equation holds for
the drain current of the generic transistor Qg operating in the subthreshold.

Irer =~ Ioge "EVT v (13)

VGs,E~VTH,ETIEVDS,E _ Vbs,k1
(),
where V7 is the thermal voltage, ng is the subthreshold slope coefficient, #E is the drain
induced barrier lowering (DIBL) coefficient, and Iy is proportional to (W /L) and V%.
We neglected body effect for simplicity. In the following, Vps >> Vr is always met, and

therefore, the factor in round brackets in (13) can be also neglected. Evaluating Vg g1 from
(13) yields

IRgr
Ves,p1 = Vruoe + neVrin Tor NEVDS E1- (14)

A similar equation holds also for Vs 2. Now, substituting (8) in (14) and expressing
Vs 1 — Vise2 as In[(W/L)g2/(W/L)g1], we have

IRer
Io,1

7

/L
nengVrln ( Je2 _ NER3IREF. (15)

Vis,e1 = Vruoe +ngVrin s
(W/L)g,

Equation (15) shows that the temperature coefficient can be minimized through a
suitable selection of the ratio (W/L)g2/(W/L)g; that is found through computer simulation,
as the temperature coefficient of Vs 7 cannot be easily evaluated analytically.

4. Validation Results

The proposed solution in Figure 5 was simulated using Spectre and the design kit of a
commercial GaN smart power technology supplied by TSMC with Ly, equal to 1 pm and
0.55 um for enhancement and depletion transistors, respectively. The transistor thresholds
have been already given in Table 1. The aspect ratio and multiplicity of the transistors
together with the resistor dimensions and their nominal values are summarized in Table 2.

Table 2. Transistor dimensions and resistor values of the proposed voltage reference circuit.

Device W (um) L (um) Multiplicity Value
Qp1-Qp2 5 0.5 1
Qg1 250 1 8
Qr2 200 1 3
Ry 2 1000 1 320.22 kO)
R, 2 1400 1 448.42 kO
R3 2 400 1 128.20 kO

Note that resistor values are those obtained in the previous section with only marginal
fine-tuning optimizations, while optimal (W/L)g>/(W/L)g1 was found to be 3/10 through
computer simulations.

Figure 6 shows the reference voltage versus supply voltage at room temperature and
when using typical model parameters for both enhanced and depletion devices (TT case).
An average reference voltage approximately equal to 2.685 V is found starting from the
minimum supply of 3.9 V. Below 3.9 V, the circuit does not work properly because the
reference voltage is not kept constant. From the inset in Figure 6, we compute the line
regulation that is found to be AVrer/AVpp = (2.706 — 2.685)/(24 — 3.9) =1.05 mV/V, or
equivalently, 0.105%V.
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Figure 6. Reference voltage versus supply voltage (TT corner, room temperature).

Current Irgr versus supply voltage is shown in Figure 7, under the same room tem-
perature and typical process conditions. Irgr is roughly equal to 2.7 pA for Vpp greater
than 3.9 V. A current consumption independent of supply voltage is achieved.

Figure 7. Reference current versus supply voltage (TT corner, room temperature).

Knowing the resistor values and from the values of Vgrr and Irgr, we can infer from
(10) that the value of Vg g1 is 1.14 V, confirming the subthreshold operation.

As already stated, GaN IC technologies suffer from large process spreads. It is therefore
essential to simulate the effects of process variations together with temperature. Figure 8
illustrates the corner analysis (SS, TT, and FF cases) of the reference voltage versus tem-
perature (from —40 °C to 190 °C) under the two extreme supply voltages: 3.9 V and 24 V.
A sharp decrease in Vigr is found for temperatures below 23 °C and is due to the fitting
point of the device models at ambient temperature. Nevertheless, the reference voltage
ranges from 2.47 V to 2.71 V, with less than +4.5% variability in the whole temperature
range and within the 3.9-24 V supply. The robustness of the solution and the viability of the
design approach is hence confirmed to counteract process, temperature, and supply variations.
Considering the worst-case curve (SS at 3.9 V), the TC is evaluated to be around 200 ppm/°C.



Electronics 2022, 11, 1840 10 of 13

Figure 8. Corner analysis of reference voltage in the temperature range from —40 °C to 190 °C for
two supply values (3.9 Vand 24 V).

It was also confirmed (not shown) that the maximum current consumption is as low
as 5 uA, under corner FE.

Figure 9 shows the magnitude of the power supply rejection, or PSR, of the voltage
reference, under different corners and temperatures. DC supply voltage is set to 24 V. It is
seen that the worst case is given by the SS corner at low temperature, while the best case is
given by FF corner at high temperature. PSR is better than —45 dB in the 10 MHz frequency
range, indicating that a disturbance in the supply is attenuated by more than 170 times.

Figure 9. Corner analysis of power supply rejection, or PSR, at three temperatures and maximum
supply of 24 V.

Figure 10 depicts the layout of the proposed voltage reference generator. Occupied
area is 176.6 um x 261.8 um.
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Figure 10. Layout of the voltage reference generator (width is 176.6 um, and length is 261.8 um).

Table 3 summarizes the main performance of the proposed voltage reference together
with a comparison to the previously published solutions. Another reference, [21], that
was not discussed before as it is not suitable for automotive applications, is added here
for the sake of completeness. It is seen that the proposed solution, together with [30]
and [31], are the only solutions able to work under a 24 V supply. However, the typical
current consumption of the proposed solution is the lowest, even considering the worst-
case scenario (5 pA). Limited area occupation is also a key feature of the proposed solution,
and line sensitivity is also good in comparison to the state of the art. The TC achieved is
similar to the values reported by the other untrimmed solutions.

Table 3. Performance comparison of GaN voltage references.

Ref. Year This Work * 2022 [21] 2022 [31]12022  [30] 2020 [29] 2010
Supply (V) 3.9~24 4~16 4.8~50 3.9~24 —4.3~-10
Vrer (V) 2.7 2.3 2.53 3.19 -2.1

Tot. current (LA) 2.7 (5, worst case) 43 60 6.2 800

Line Regul. (%V) 0.105 NA 0.063 0.32 N/A

PSR @100Hz (dB) —45 (worst case) NA —42.8 —45 -35
Temp. Range (°C) —40~190 25~550 —25~250  —50~200 25~250
TC (ppm/°C) 200 * (worst case) 242+ 26.2 23.6 238 *
Area (mm?) 0.05 0.03 0.104 0.52(0.31 w/0oPADs) 0.164

* Simulations; * Untrimmed.

5. Conclusions

The aim of this paper was to present a novel topology for a reference voltage generator
amenable for GaN IC processes, together with its optimal design methodology. The solution
is made up of a single branch that allows for setting the standby reference current in the
microampere range through practical resistor values. The solution is also designed to
operate in a wide supply voltage range, from around 4 V to 24 V, in order to meet the
requirements of consumer and automotive applications.

In addition, the circuit allowed for low area occupation (0.05 mm?) and low current
consumption (2.7 pA). Both features are becoming more and more important targets also in
the automotive sector to save space inside the vehicle and to preserve the battery autonomy.

A unique characteristic of the solution related to the low current consumption was
the operation of the transistors in the subthreshold regime. For this purpose, a straightfor-
ward, accurate design strategy was also developed. Indeed, after describing the topology,
equations based on a subthreshold operation were formulated and component values
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were derived from these equations. Taking these results as the initial point, fine-tuning
dimensioning was performed through computer simulations.

Unlike prior art, the proposed solution was also targeted at counteracting the large
parameter spreads of commercial GaN IC technologies. Indeed, it provided an average
reference voltage of around 2.685 V at room temperature with £120 mV variation (<£4.5%),
against a +42% and 28% variability of the threshold voltages of enhancement and depletion
devices, respectively.

The temperature coefficient of the reference voltage achieved is around 200 ppm/°C
and is similar to the values reported by the other untrimmed GaN solutions.

Presently, the circuit does not cope with SF and FS corners; in this case, external
trimming is mandatory. To avoid trimming, future research will focus on threshold voltage
on-chip sensing and on the definition of calibration strategies to inherently reduce the
temperature coefficient. Work is also ongoing to improve current drive capabilities by
designing a low-dropout regulator in the same IC GaN technology. To this purpose, an
operational transconductance amplifier has already been presented in [32].
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