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Abstract  

A high temperature (>200 ˚C), quad-output, buck type switched-mode power supply (SMPS) IC capable of 
operating over a wide input supply range of 6 V to 15 V is described.  The IC is a compact power supply solution for 
multi-voltage microprocessors, sensors, and actuators.  The SMPS topology is a 112 kHz fixed-frequency, 
synchronous buck converter with slope compensation.  A novel internal feedback design enables the output voltages 
to be pin-programmed to one of three common supply voltages—5 V, 3.3 V, or 1.8 V—while an external resistor 
divider can also be used for arbitrary voltage programming. Integrated power supply output MOSFET switches 
minimize the external part count and synchronous rectification reduces power dissipation and improves current 
capacity.  The IC was fabricated in a conventional, low-cost, 0.5 µm bulk CMOS foundry process.  Patented circuit 
design techniques allow the IC to operate in excess of 200 ˚C and circuit operation was demonstrated at ambient 
temperatures up to 225 ˚C.  The foundry process is optimized for 5 V applications, however, the IC accepts input 
voltages up to 15 V and can produce outputs up to 10 V by utilizing extended drain single- and double-sided NMOS 
and PMOS transistors for the linear regulator pass transistor, error amplifier, and SMPS switches.  The high-side 
FETs are controlled through capacitive coupled level shift circuits to ensure the gate-oxide voltage limits are not 
exceeded while still maintaining fast signal transitions.  The IC also includes a tunable, 25 MHz monolithic 
oscillator that is programmable over a SPI serial interface.  The oscillator bias current is comprised of a 
programmable constant-gm bias current and a programmable PTAT bias current.  The programmability can be used 
to set the oscillation frequency, but can also be used together with a calibration curve on a microcontroller to 
achieve a more stable oscillation frequency over temperature.  The output current of the quad SMPS was limited to 
70 mA by a lower than expected saturation current of the extended-drain PMOS switch devices.  The system showed 
good line regulation (<0.1%) and 50% load step response stability (+/- 100 mV) at a nominal output current of 50 
mA when tested at 200 ˚C ambient. 
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I.  INTRODUCTION  
 
Reliable integrated circuits capable of operating 

at elevated temperatures are needed to reduce size 
and improve performance of systems for turbine 
engine control, down hole well logging and 
automotive applications.  In this paper, we present 
an analog integrated circuit (IC) design that 
performs essential power supply functions for 
measurement and control systems.  Called the 
HHT301, this IC is a quad-output buck type switch 
mode power supply (SMPS) capable of operating 
over a wide input supply range and is intended for 
microprocessor and sensor applications requiring 
several supply voltages.   

 
The HHT301 quad-output SMPS presented in 

this paper is one IC in a set of high temperature 
ICs developed by researchers at CWRU and 
BluBerry LLC to perform sensing, actuation, and 
power supply functions essential for a closed loop 
sensor or actuator system [1]. The other ICs have 
already been combined into a high temperature 
actuator controller development system where 
operation from -55 ˚C to 200 ˚C was demonstrated 
[2].   

 
II. HIGH-TEMPERATURE AND HIGH 

VOLTAGE INTEGRATED CIRCUIT DESIGN 
 
The HHT301 was fabricated in a conventional, 

0.5-micron bulk CMOS process.  To achieve high 
performance and stable operation over a wide 
temperature range, patented circuit design 
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techniques are used to stabilize gain, operating 
frequency, and output current.  Besides these 
methods, the circuit architectures have been 
designed such that their characteristics are 
dominated by temperature-insensitive factors such 
as component ratios.  Several of these design 
techniques and the constant-gm biasing have been 
described in [2], [3] and [4].   

 
The HHT301 has been designed to operate at 

ambient temperatures of 200 ˚C, with an expected 
maximum junction temperature of 250 ˚C.  High-
reliability IC layout techniques reported in [5] and 
[6] were used to improve reliability at elevated 
temperatures.   

 
The low-voltage process used for this design is 

extended to higher voltage operation (up to 15 V) 
by using special devices with thick gate oxides and 
unique geometries.  Circuit topologies were chosen 
to minimize the number of high voltage (HV) 
nodes required since the conventional low voltage 
devices offer higher performance and a higher 
density layout. Figure 1 shows the notation and 
symbols used in this text for these higher voltage 
extended drain transistors, where a double bar 
indicates the extension.   

 

 
Figure 1: Notation and symbol reference for single- 
and double-sided extended drain HV MOSFETs.   

 
III. SMPS CIRCUIT DESCRIPTIONS 

 
HHT301 Quad-Output Buck Type SMPS 
 
The HHT301 block diagram is shown in Figure 

2.  The IC contains four identical SMPS buck 
converter cores that each operate independently.  A 
band-gap voltage reference circuit, constant-gm 
bias circuit, programmable temperature stable 
oscillator, PWM ramp generator, and 5 V low 
dropout (LDO) linear regulator are shared among 
the four separate cores.  Each core includes over-
current protection for the output MOSFET 
switches and local over-temperature protection to 
prevent device damage.  

 
Each SMPS core has an “Enable” input and a 

“Ready” output to facilitate power supply 
sequencing.  This feature reduces node startup 
current and prevents latch-up in multiple-supply 
systems.  The “Ready” signal is asserted when the 
SMPS output voltage exceeds 85% of the user-
programmed steady state value.  The Ready/Enable 
pins may be connected locally to allow the IC to 
start without external control. 

 
Figure 2: HHT301 block diagram.  The HHT301 is a 
quad-output buck-type SMPS IC intended for high 
temperature systems that require several supply 
voltages, low power dissipation, and must accept a 
wide input voltage range.   
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HV LDO 5 V Linear Regulator 
 
A low dropout (LDO) 5 V linear regulator 

provides a stable voltage supply for the internal 
operation of the buck converter logic and control 
circuits, which were designed using only 
conventional low voltage devices. The regulator 
utilizes double-sided extended drain NMOS and 
PMOS transistors in the error amplifier and a 
single-sided extended drain PMOS pass transistor 
so that the entire chip can be powered from the 
same high voltage supply (up to 15 V) as the 
SMPS cores.   

 
The basic structure of the regulator is shown in 

Figure 3.  It features a low-load no-buffer topology 
that allows for stable operation without the need 
for a large external bypass capacitor [7].  The 
feedback topology still requires frequency 
compensation to achieve closed-loop stability, and 
in this case, stability is achieved by using a Miller-
capacitor compensation technique.  

 
Figure 3: 5V LDO regulator.  Double-sided extended 
drain transistors are used in the error amplifier and 
a single-sided extended drain PMOS is used for the 
pass transistor to allow for an input voltage supply 
up to 15 V in this 5 V 0.5-µm process.   

 
HV -5 V Linear Regulator  
 
To simplify the SMPS control loop 

compensation, the HV PMOS output devices are 
always driven with a fixed gate voltage range of 
VIN to (VIN – 5 V).  A negative voltage linear 
regulator is used to generate this regulated 
intermediate voltage level that is referenced to VIN.  

The negative regulator is similar in design to the 
HV LDO 5 V regulator, except that it utilizes a 
single-sided extended drain NMOS pass transistor, 
the error amplifier uses a double-sided extended 
drain PMOS input, and all the ancillary circuits are 
referenced to VIN instead of GND.  

 
Capacitive Coupled Level Shift 
 
For the low-side HV NMOS output transistors, 

conventional CMOS inverter chains that are scaled 
for greater drive strength are used as gate drivers.  
However, neither a conventional or HV CMOS 
inverter chain can be used as a gate driver for the 
high side power transistors because the CMOS 
inverters could potentially see voltages greater than 
the maximum allowable gate to bulk (substrate) 
voltage (VGB) in the process. 

 
The single-well foundry process biases the bulk 

connection on all NMOS devices to 0 V, and VGB 
may never exceed 13 V for the high voltage 
devices.  Therefore, even HV NMOS devices 
cannot be used in the output PMOS gate driver 
circuit.  Instead, RTL (resistor transistor logic) 
inverters using only HV PMOS devices are used to 
drive the PMOS gates in the driver.  This approach 
reduces conversion efficiency, but the circuit does 
not draw static power when the supply is shut 
down.  The voltage rails for the RTL inverter gate 
drivers are VIN and the (VIN – 5 V) intermediate 
supply voltage from the HV -5 V linear regulator. 

 
The logic signals created from the buck 

converter controller circuits must be level shifted 
to ensure the signals to the high side HV PMOS 
power transistor gate drive circuits have the 
appropriate rails.  The gate of the integrated output 
HV PMOS transistors must be driven from (VIN – 5 
V) to VIN in order to turn on and off the device.  
However, VIN may range from 6V to 15V, while 
the feedback and control logic operates on 5 V.  

 
A capacitive coupled level shifter was designed 

to accomplish this control logic voltage to HV 
PMOS gate drive voltage translation, and is shown 
in Figure 4.  Unlike a typical differential cascade 
voltage switch logic (DCVSL) level shifter, this 
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capacitive implementation allows both outputs to 
change simultaneously while removing the 
possibility of short circuit current at the switching 
instant [8].  

 
The signal level voltage shift from logic levels 

(0 V to 5 V) to HV PMOS drive levels (VIN to VIN 
– 5 V) is achieved using capacitors and a pair of 
cross-coupled inverters.  When a fast logic 
transition occurs, the voltage across the capacitors 
will be maintained (VIN – 5 V).  The cross-coupled 
RTL inverters will toggle their outputs and the 
output state will be stored. The RTL inverters 
ensure that logic high is at VIN and logic low is VIN 

– 5 V.  These capacitors are implemented on-chip 
as poly1-to-poly2 devices. 

 
SMPS Design 
 
The SMPS buck converter core is a 112 kHz 

fixed-frequency, synchronous buck converter with 
slope compensation [9].  A voltage-mode control 
topology is used to minimize external components, 
reduce design complexity, and to achieve reliable 
operation at high temperatures. A block diagram of 
a single SMPS core is shown in Figure 5.  The 
diagram shows how the low voltage control logic 
circuits and the high voltage circuits are combined 
to create the SMPS.   

 
This topology uses a scaled version of the 

output voltage and compares it to an internal band-
gap reference to produce the error signal.  A 
voltage ramp is generated on-chip and compared to 
the error signal to determine the PWM duty factor 
required for each switch cycle. 

 
A novel mixed-signal feedback divider 

mechanism enables the output voltage to be pin-
programmed to one of three common supply 
voltages—5 V, 3.3 V, or 1.8 V—with no additional 
components.  A fourth “bypass” option allows 

 
Figure 4: Capacitive coupled level shift circuit. 
Translates 0 V to 5 V logic signals to levels 
appropriate for the high-side HV PMOS transistors, 
VIN to VIN – 5 V.   

 
 
Figure 5: Block diagram of a single SMPS core.  The diagram shows how the high voltage positive and 
negative linear regulators, capacitive level shifter, and SMPS mixed-signal circuits combine to make a 
complete switched-mode power supply.   
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other voltages to be set by using an external 
resistor divider.  This feedback mechanism 
requires no external loop compensation 
components that are typically required in switching 
power supplies.  

 
The SMPS core includes the HV output 

switches on-chip to reduce the external parts count 
and the synchronous rectification increases 
switching efficiency and output current capacity.  

 
Tunable 25 MHz Monolithic Oscillator 
 
The on-chip oscillator uses a well-known 

topology, a 3-stage ring of linear amplifiers 
depicted in Figure 6.  The frequency of oscillation 
is the frequency at which there is a 60˚ phase shift 
per amplifier stage, which is determined by a ratio 
of transconductance (gm) to capacitance.  
Capacitance is inherently stable over temperature 
and gm is stabilized using our patented biasing 
technique [10].   

In practice, however, the oscillation frequency 
stability is limited by the temperature coefficient of 
a resistor in the biasing network [10].  To cancel 
this resistor temperature coefficient, a 
programmable bias current that is proportional to 
absolute temperature (PTAT) and has a 
temperature coefficient opposite in magnitude to 
the resistor is injected into the amplifier bias 
current.  The nominal oscillation frequency can 
also be tuned by varying the programmable 
constant-gm amplifier bias current, which allows 
chip-to-chip variations in oscillation frequency to 
be removed.  Both currents are programmed over 
an integrated serial peripheral interface (SPI) bus.   

 

 
IV. TEST RESULTS 

 
The HHT301 was packaged in a 48-pin side-

braze ceramic DIP to facilitate high temperature 

testing.  A clamp heater was attached to the DIP 
package to control the temperature of the IC while 
all the other components on the test system PWB 
remained at room temperature.  Figure 7shows the 
clamp heater and system PWB.   

 

 
Figure 7: HHT301 high temperature test setup. 

 
The HHT301 IC generally functioned as 

expected, however, a lower than anticipated 
saturation current of the single-sided extended 
drain PMOS transistors used for the high side 
output switch, limited the maximum output current 
to only 70 mA.  Under that limit it performed well 
with a fast response to transient loads and very 
good line regulation.   

 
The output transient response to a 50% increase 

in load current from a nominal 50 mA is shown in 
Figure 8.  For an output of 5 V, the output transient 
is less than +/- 100 mV and the recovery time is 
less than 1 millisecond.  Line regulation was 
measured to be less than 0.1% for the VIN range of 
6 – 15 V and across the temperature range of 25 ˚C 
to 200 ˚C.   

 
Figure 6: Differential 3-stage ring oscillator 

 
Figure 8: SMPS transient load response for 5 V 
output, showing 50% load step response stability of 
+/- 100 mV.   
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V. CONCLUSION 
 

A quad-output buck type switched mode power 
supply IC capable of operating at temperatures 
beyond 200 ˚C has been developed.  The system 
architecture was chosen to allow the operation 
from wide input voltage range of 6 V to 15 V.  
Stable operation of the SMPS has been 
demonstrated over the input voltage range and 
operating temperature range up to 200 ˚C.   
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