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difference is caused by the process of convolution of the 
sinusoidal jitter (SJ) PDF with Gaussian distribution of the 
random jitter component.1 Therefore, the DJ extracted from 
the dual-Dirac model is only an estimation; it should only 
be applied when the standard deviation of the random jitter 
is much smaller than the distance between the two peak 
separations of the jitter histogram.

Table 1. DJ Comparison*

Measurement Methods DJ (psP-P)

Power Spectrum 11.2

SSB Phase Spurious 10.3

Phase Demodulation 10.5

Real-Time Scope 9.4

Sampling Scope (Reference 
Triggered)

9.2

Sampling Scope (Self-Triggered) 9.5
*80mVP-P, 100kHz sinusoidal signal on the supply.

Conclusion

For the relatively large interference used in the examples, 
the results were well correlated. However, when the level 
of interference drops relative to the random jitter, the 
time-domain methods become less accurate. Furthermore, 
if the clock signal is corrupted by amplitude modulation, 
measurements using a power spectrum analyzer become 
unreliable. Therefore, of all the methods presented, the 
phase spur power measurement using a phase-noise 
analyzer is the most accurate and convenient way to 
characterize the PSNR of a clock generator. The same 
method can be extended for evaluating the DJ aspect 
caused by other spurious products appearing on the phase- 
noise spectrum. 

Reference

1. Agilent white paper, “Jitter Analysis: the dual-Dirac 
Model, RJ/DJ, and Q-Scale.”

A version of this article was published online by Electronic 
Design magazine, March 27, 2009.

Agilent is a registered trademark of Agilent Technologies, Inc. 
Tektronix is a registered trademark of Tektronix, Inc. 

Figure 10.	 TIE histograms are shown for various trigger conditions: 	
	 triggered by REF_IN (a); self-triggered, td = 5µs (b); and 	
	 peak spacing vs. time delay from trigger (c).
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Modern DC-DC converters use PWM controllers with 
integrated MOSFETs to achieve the highest power density 
for DC-DC modules. Since the power MOSFETs are 
inside the PWM chip, they can significantly affect the 
thermal performance of the device. For optimal device 
performance, it is thus critical to establish the thermal-
derating aspects of PWM ICs under realistic operating 
conditions. This article describes how to construct and 
calibrate a thermal-derating box for evaluating the thermal 
performance of PWM controllers.

Introduction

The final operating environment for a chip is often not 
well known during the IC’s evaluation stage, and that 
environment can vary considerably from application to 
application. It is especially critical to understand thermal 
derating in portable and nonportable applications, since 
end systems often depend on forced airflow for cooling. 
This is why thermal-derating graphs are included in data 
sheets for pulse-width-modulated (PWM) controllers with 
internal MOSFETs. The derating curves show how much 
power can be drawn from the chip under given airflow and 
ambient temperature conditions. 

To ensure that the application’s thermal environment does 
not overload the PWM controller, a thermal-derating graph 
can be used to select proper PWM ICs. A test system with a 
thermal-derating box provides a practical way of evaluating 
the thermal-derating performance of the PWM chip. 

This article describes how to construct and calibrate a 
thermal-derating box. Test results for two PWM controllers 
show a close match to actual operating conditions.

Standardizing Thermal Testing

For a given module size (including heatsink) and for a 
given airflow, the maximum power that can be dissipated 

is limited by physics. Thermal performance can, therefore, 
be estimated. However, without some type of standardized 
control of the IC test environment, the thermal-derating 
results from different vendors and for different packages 
will not be consistent. 

One approach for generating standard device-derating 
data is to actually measure the thermal performance 
of the module under different airflow and ambient 
temperature conditions. A thermal-derating box will 
have an evaluation (EV) board with the PWM IC 
mounted inside the box, and a fan that can be calibrated 
to obtain uniform airflow. The test results would be 
published and used by designers as a basis for choosing 
the right kind of module for the end application.

Test Apparatus and Calibration

A standard thermal-derating box (Figure 1) was created. 
Box dimensions should be adjusted so that the largest EV 
board fits inside and sufficient clearance remains around 
the box. The minimal linear dimensions of the box should 
be 1ft x 1ft. The height of this test box should be 3in to 
accommodate a fan. Two or more fans can be used to 
achieve uniform airflow inside the box. The box material 
should have low thermal conductivity; polycarbonate, 
polypropylene, or a glass epoxy sheet can be used. The 
thickness should be at least 3.2mm to provide rigid sides. 

Place the box horizontally inside a thermal chamber. 
Calibrate the box with an average airflow meter  
(Figure 2) to measure airflow at the open end of the box 
at left, center, and right, and to confirm that airflow is 
uniform inside the box. When a module is placed in the 
box, make sure that the fan is at least 2in from it. Airflow 
can be adjusted by using a voltage-controlled variable-
speed fan and increasing or decreasing the voltage. 

Start with a standard EV board, which can be mounted 
on a bigger board for convenient handling and placement. 
Elevate the bigger board at least 1in from the bottom of the 
box to ensure uniform airflow under the board. 
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Figure 1.	The thermal derating box surrounds the EV board and keeps 	
	 the airflow predictable to ensure reproducible measurements.
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Once the box is inside the oven, you must determine if the 
oven’s airflow will affect the airflow inside the derating 
box. If the oven’s airflow does affect the box’s airflow, 
then place a larger box over the test enclosure to maintain 
uniform airflow inside the box. To minimize interference, 
consider mounting the derating box with its fan airflow at a 
right angle to the oven’s airflow. 

Common fasteners and adhesives can be used to assemble 
the box—just make sure that they can withstand higher 
temperatures in the oven. A thermocouple can be placed at 
the geometric center of the IC. However, the attachment of 
the thermocouple to the IC is very critical, since you must 
be sure that the thermocouple does not act as a heatsink. 
The best approach is to use a minimal amount of thermal 
epoxy to attach thermocouple wire to the IC. 

The meter measuring the thermocouple output should float 
electrically so that temperature readings are not affected 
by any voltage applied to the IC. Thermocouple wire size 
can be 30 AWG or smaller, and the wires should be routed 
to minimize interference with the airflow. The same holds 
true for the power and any other wires coming from the 
board under test.

Before actual device testing, the thermal-derating box must 
be calibrated (see Figure 2). Table 1 shows the calibration 
data for an empty test box, while Table 2 shows data 
for the test box with the EV board. Data plots are shown 
in Figures 3a and 3b. For both configurations, almost 
uniform airflow is measured inside the box. 

With the box ready, mount the EV board on the test board 
and put everything inside the thermal chamber. Run the 
chamber for some time so that thermal equilibrium is 
reached. Then the EV board can be loaded and run until 
temperature readings stabilize. If two readings taken 5 
minutes apart do not change more than 0.2°C, then it can 
be assumed that thermal equilibrium has been reached. 

Note, finally, that thermal derating with no airflow is harder 
to determine since natural convection is unstable, especially 
at higher IC temperatures and higher power levels.

Table 1. Airflow Calibration Data for the Empty  
Test Box	

Airflow (LFM)

Fan Supply 
(V)

Left Center Right

3.3 102 98 91

4 215 207 187

6 339 337 323

8 449 447 445

10 565 585 581

12 685 709 673

Table 2. Airflow Calibration Data for the Test Box 
with EV Board 

Airflow (LFM)

Fan Supply 
(V)

Left Center Right

3.3 91 90 89

4 189 160 205

6 333 321 325

8 455 445 443

10 561 581 565

12 673 689 671

Test Results

To verify the performance of the test box, experiments 
were done to measure the thermal performance of two 
Maxim PWM ICs, the MAX15035 and MAX8686. The 
test results are shown in Figures 4a and 4b, respectively. 
The MAX15035 is a 15A step-down regulator with 
internal switches. The MAX8686 is a single/multiphase, 
step-down, DC-DC converter that can deliver up to 25A 
per phase. The MAX15035 EV board has four layers 
measuring 2.4in x 2.4in with 2oz copper, while the 
MAX8686 EV board contains six layers and measures 
3.5in x 3.0in with 2oz copper.	

By capturing this real-world data, designers can more 
accurately determine the necessary thermal derating for 
their application. From these thermal-derating graphs, the 
end user can choose the right part for their application. For 
a given ambient temperature and airflow, the graph shows 
how much power can be handled by a PWM IC without 
exceeding the chip’s safe operating region. If a PWM IC 
does not meet the safe operating criteria for an application, 
then the user either has to increase the airflow available for 
cooling or improve the thermal design.

Figure 2.	 An airflow meter at the open end of the box measures the 	
	 airflow to calibrate subsequent thermal measurements.
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beamformer implementations meet the minimal needs of 
compact ultrasound systems, the performance limitations 
caused by these issues can be significant. 

Mixer-Based CWD Beamforming

A higher performance approach to craft a CWD system 
employs a CWD mixer/beamformer, shown in simplified 
form in Figure 2. In this implementation, an I/Q mixer 
is provided for each channel, and the beamforming 
summation occurs at baseband instead of at RF. The 
LO phase for each I/Q mixer in this implementation is 
programmable to one of n = 8 to 16 phases. Changing the 
phase of the LO changes the phase of the received signal, 
and beamforming is achieved.

Because the mixers are implemented on a per-channel 
basis, the SNR requirements for each mixer can be relaxed 
to 157dBc/Hz at a 1kHz offset. This SNR is still very 
demanding, but is achievable using bipolar mixers and 
standard logic families. Since the mixer outputs are currents 

and passively summed at audio baseband frequencies, the 
required beamformed CWD SNR can be achieved. 

Mixer-Based CWD Beamforming Solutions

In the past, implementation of this superior type of CWD 
beamformer architecture was not practical for a large number 
of ultrasound systems because of inadequate integration. 
This is no longer the case. For less power-sensitive  
applications requiring uncompromised CWD and imaging 
performance, there are integrated bipolar octal VGAs with 
programmable CWD mixer/beamformer channels. The 
MAX2038 VGA is shown in the receiver lineup in Figure 3. 

For applications where power and space are at a higher 
premium, there are newer, more highly integrated and 
lower power solutions like the MAX2078 in Figure 4. This 
chip contains fully integrated octal receivers incorporating 
LNAs, VGAs, anti-aliasing filters, and programmable 
CWD mixer/beamformer channels in a single bipolar IC. 
Now a wider variety of ultrasound systems can achieve 
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Figure 1.	 A simplified diagram of a CWD delay-line-based receiver.
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excellent CWD performance without the previous 
limitations associated with delay-line CWD architectures.  

It should be noted that an additional potential problem 
in the implementation of any CWD receiver is the SNR 
performance of the LNA amplifiers. Many ultrasound 
system designers have chosen CMOS LNAs to reduce 
size and power. While these devices may seem appropriate 
for the application, they can limit CWD performance. 
This is especially true of amplifiers fabricated in CMOS 
geometries less than 0.35µm. Circuits implemented in 
those smaller process nodes typically have higher 1/f noise, 
and 1/f noise can cause low-frequency modulation of the 
LNA gain—a very undesirable effect.

A large RF CWD clutter signal passing through an LNA of 
this type will produce significant low-frequency-modulated 
noise skirts that can corrupt SNR performance and reduce 
CWD sensitivity. As a result, low-power bipolar LNAs 
like the 4-channel MAX2034 are generally preferable for 
this type of application.  
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Figure 2.	 Low-power bipolar LNAs and a CWD mixer/beamformer can implement a simple, high-performance CWD receiver.

A version of this article was published in Chinese in EEPW 
magazine in February 2009.
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Figure 3.	 This simplified single-channel ultrasound receiver features the MAX2038 and MAX2034. The MAX2038 integrates eight VGA and CWD 	
	 I/Q mixer/beamformer channels, and the MAX2034 integrates four LNA channels.
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Figure 4. 	The MAX2078 ultra-low-power, octal ultrasound receiver with CWD beamformer integrates eight high-performance, low-power, 	  
	 ultrasound receive channels, which each includes an LNA, VGA, anti-aliasing filter, and fully programmable I/Q mixer/beamformer.


