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Abstract – This paper describes the techniques and technologies 
used to create a high performance, high density, multi-functional 
analog test instrument.  Overcoming density challenges, while 
maintaining optimal performance levels, requires the careful 
selection of parts in order to balance functionality, power 
dissipation, and board area.  This paper discusses technologies such 
as a custom analog ASIC, semi-custom cooling, programmable 
digital logic, and PCB materials, and how these elements combine 
to result in a highly functional analog test design in a minimized 
footprint. 
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I. INTRODUCTION 

Analog test instruments (ATI) have been revolutionized 
over the past decade. In the past, to satisfy all of a test 
system’s analog requirements, many different instruments 
would need to be purchased such as a timer counter, digitizer, 
function generator, and arbitrary waveform generator.  Each 
of these instruments (or functions) would occupy a valuable 
slot in a VXI or PXI chassis.  In today’s market, these 
instruments can be physically consolidated into one multi-
channel instrument that occupies a single slot, with each 
channel capable of performing one or more of these functions 
simultaneously. Figure 1 depicts the consolidation of these 
instruments. 

 

 

 
 
     While analog components have certainly decreased in size 
and increased in performance, they are not the only 
contributing factor of the increased density per slot.  The 
other main reason for the density increase is the newer 
instrument designs.   

When designing a multi-functional ATI, a designer is 
required to trade-off space versus performance.  Usually, if a 
high performance channel is the goal, a larger footprint is 
required on the Printed Circuit Board (PCB).  Only after the 
approximate channel size is identified is it possible to 
determine how many channels can be placed in the 
instrument.  This makes it difficult to achieve a high density, 
high performance instrument.  This paper explores the 
techniques and technologies to achieve a high density, high 
performance ATI while considering power dissipation.   

II. TECHNIQUES AND TECHNOLOGIES 

A typical ATI can be broken down into three major 
components:  

• Input/output (IO) connectors 
• Analog front-end 
• Back-end digital circuitry 

As an instrument’s density increases, the problem of IO 
connections increases, leaving less front panel space per 
function.  Connectors should be carefully chosen for both 
high channel count (density) and high bandwidth 
(performance). Therefore, it is important to consider moving 
from standard BNC connectors to a smaller footprint 
connector, like SSMB. 

 The analog front-end has two roles:   
• Converts the unit under test’s (UUT) analog 

signals to digital signals for the back-end digital 
circuitry to perform its digital signal processing.   

• Analog front-end also converts the back-end’s 
digital circuitry to an analog representation to 
send to the UUT.   

Both the analog and the digital circuitry should be 
designed to minimize board area and power dissipation. .  
This paper will expand on four ways to accomplish this:   

 
• Custom Analog ASIC  
• Programmable Digital Logic  
• Power Dissipation and Cooling 
• Layer Stackup and PCB Material  
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Figure 1: Instrument Consolidation 
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A. Custom Analog ASIC 

To design a generic front-end for a multi-functional ATI, 
it is important to know what functions the ATI will serve. 
This paper focuses on combining the following functions in a 
single channel:  

• Arbitrary wave form generation including square, 
sine, and triangle waves 

• Waveform digitizing 
• Time interval counting 

Therefore, more than a simple driver and receiver are 
required.  Many features are needed, including several that 
are found in typical pin-electronics or pin drivers. To 
generate an arbitrary waveform, a driver needs 50-Ohm 
output impedance with high output current capability, 
programmable drive levels, and slew-rate control. The 
receiver needs programmable detect levels for the time 
interval counter and digitizing. When discrete components 
are used to design these features, the design requires many 
parts that may also consume a large amount of board area per 
channel, which means fewer channels per board. However, it 
would be best to create a custom application-specific 
integrated circuit (ASIC) to handle all of these features in a 
single device. A separate cost benefit analysis should be done 
due to the length of time and price it takes to develop a 
custom ASIC. 

In most analog front-ends, many digital-to-analog 
converters (DACs) are needed for the programmable driver 
and detector levels. Today, the technology exists to put all of 
these DACs into the same custom analog ASIC. 

The biggest and most obvious benefit of having just one 
part is the space savings; more ATI features can fit into a 
smaller footprint.  

Another advantage of combining features into a single 
component is cooling because cooling one part is much easier 
than cooling several discrete parts.  With a discrete solution 
that has varying component heights, multiple heatsinks might 
be needed, making cooling less efficient.  However, it is 
likely that a custom device would only require a single 
heatsink.  Also, the package type can be chosen for 
optimizing a very low thermal resistance.  This allows the 
part to dissipate heat from the surface of the part. With 
airflow of 400 linear feet per minute (lfpm), new packages 
such as a TBGA have a junction-to-air thermal resistance 
(Thetaja) of about 12 OC/W without a heatsink as compared to 
24 OC/W from older PQFP packages, a 2X improvement. [1]. 
See Figure 2 for an example of different package types and 
their thermal characteristics. 

 

Figure 2:  Thermal Performance of ASAT packages 

Some packages also have an internal heat spreader as a 
ground plane that will help to provide EMI protection and 
reduces the thermal resistance from the die to any additional 
heatsink that can be placed on the part. 

B. Programmable Digital Logic  

The stimulus and measurement functions of an ATI such 
as a timer counter and digitizer have similar requirements 
from the analog front-end, but have very different needs from 
the back-end digital signal processing.  One of most efficient 
ways of increasing the instrument’s density is to use an 
FPGA large enough to accomplish multiple functions.  
Therefore, the incremental cost of adding a timer counter to a 
digitizer is choosing a large FPGA with enough gate capacity 
to fit both functions. This will greatly improve the overall 
density. 

Most FPGA families have scalable solutions, so a similar 
footprint and package will accommodate multiple gate count 
capacities.  Choosing a part with medium capacity is best 
because after the design is stable, a lower capacity FPGA can 
be used for cost down. Also, a higher capacity FPGA can be 
used if more capacity is needed because of poor initial sizing 
estimates or feature creep. 

 One other benefit of an FPGA is to minimize the amount 
of external parts count.  Current FPGAs have built-in pull-ups 
and pull-downs, as well as built-in termination. Reducing 
parts count also helps with reliability.   

C. Power Dissipation and Cooling 

Instrument designs with both high performance and high 
density tend to dissipate too much power, which results in 
systems that require a higher cost, non-standard chassis to 
power and cool the instruments. This section describes 
techniques to reduce the power requirements of the design 
and keep the instrument cool. 

Powering down unused channels is the easiest way to save 
on power consumption. Therefore, the analog front-end 
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should be designed with a power-off feature that can be 
enabled or disabled statically. If this is done, the thermal 
ramp-up time of the channel needs to be considered because 
it may take time (usually minutes) after enabling a channel, to 
meet all AC and DC specifications. This is why powering 
down channels may be better suited for instrument-wide 
implementation, instead of per-channel design.   

If power consumption is of great concern, the analog 
front-end can be designed with selectable power settings:  

•  High-power mode for higher performance (of 
speed and slew rate)  

•  Low-power mode for lower performance.   
Most multi-channel instruments usually do not need high 

performance on every channel simultaneously. Therefore, 
mixes of high and low performance channels is typical.  An 
additional benefit to the power savings feature is that two 
different instruments can be built to target two different 
market segments, the low-power and low-performance 
market and the high- performance market. 

Higher performance instruments will require higher 
clocking speeds.  Higher clock speeds for an FPGA means it 
will dissipate more power.  The FPGA power might be high 
enough to demand a heatsink and warrant proper placement 
to maximize airflow across the part.  However, if the digital 
design is partitioned well enough, a design can statically turn 
on or off certain clocks to power down unused digital logic. 
The same applies to certain RAMs used on the back-end. One 
should try to design-in RAMs with power down capabilities.  

When designing power supplies for the analog front-end, 
the designer should consider making them programmable.  A 
lot of unneeded power is consumed to power the front-end 
with fixed supplies since the overhead between the 
driving/receiving voltages and the supplies cannot be 
minimized.  Programmable supplies would minimize this 
overhead.  In an oversimplified example, if the analog front-
end is powered from a fixed supplies of +/-12 V, and the 
drive levels are 3.3 V TTL with 50 mA of output current then 
the power would be 24V*50 mA = 1.2W.  If programmable 
supplies were used, and they set to +/-5 V, then the power 
would be 10 V*50mA = 0.5 W, saving 0.7 W over the fixed 
supplies. 

Some FPGAs and RAMs let the designer pick the IO 
voltage.  Typical IO voltages are 5 V, 3.3 V, 2.5 V, 1.8 V & 
1.5 V.  As a rule of thumb, the lower the IO voltage, the less 
power that is needed to drive those signals.  Using the 
formula in Equation 1 for dynamic power driving a capacitive 
load, one can see that power scales exponentially with 
voltage.   
 

                     P = F C V2                                                        EQ (1) 

P = Dynamic Power 
F= Frequency 
C = Capacitance 
V = Voltage 
 

Keeping the frequency and capacitance the same, the 
dynamic power savings per signal between driving a 3.3 V 
line and a 2.5 V line is approximately 40%.  In a large design, 

the number of signals coming in and out of an FPGA and 
associated RAMs, can be in the thousands.  Reducing the IO 
voltage should lower the overall power dissipation 
significantly. 

Even with low power dissipation, some parts will need 
extra help to remain cool. Since most standardized test 
equipment use airflow for cooling, most thermally sensitive 
parts will have a heatsink. The most effective heatsink design 
is to maximize the surface area. The heatsink might need to 
be larger than the surface area of the part to increase the 
overall space used by the part and affect the overall density. 
But, for the same surface area, one can design a folding fin 
heatsink, to reduce the size the heatsink to the same size as 
the part. To do this, a thinner metal might be required such as 
aluminum instead of copper.  

 Traditionally, board mounts are the most efficient way for 
the heatsink to adhere to a part; however, board mounts take 
up valuable board space.  Instead, some manufacturers have 
provided a thermally conductive adhesive which seems to do 
a comparable job.  

After all of the thermally sensitive parts are identified, the 
next step is to consider their placement on the PCB.  The best 
way to do this is to place as few of these parts as possible in 
parallel to the air flow.  See Figure 3 for an example of a 
thermally inefficient design compared with a more effective 
design. 

 
Figure 3:  Air Flow versus Placement  

D. Layer Stackup and PCB Material  

When constructing a house, the foundation is not poured 
before the design of the house is complete.  The design of a 
PCB is no different.  Many details of the design should be 
understood before even attempting to create a layer stackup. 
A layer stackup is constructed of: 

 
• Signal layers for the signal routing  
• Plane layers for power and ground routing. 
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The PCB has the greatest impact on the density and 
performance.  Without enough layers, a dense design is 
unroutable and without the right material, signal performance 
is comprised.  This section discusses the design tasks required 
to determine the minimum layer count (to reduce cost) for a 
given PCB thickness and what material to use for a PCB for 
optimal performance. These tasks are not specific to an ATI, 
but are needed in designing any high density and 
performance instrument.  

. One of the most important part types is a Ball Grid Array 
(BGA) package.  Many 1000 pin BGA packages come with 
upward of 500-600 signals connections to fan-out underneath 
a small part. The BGA fan-out alone might dictate how many 
signal layers are needed. A 1000 pin BGA can sometimes 
take upwards of 4-5 signal layers for the fan-out. An efficient 
technique to minimize the layer count is to route on the 450 
angle from the corners [2]. See Figure 4 for a routing 
example of multiple layers. 

 
        Figure 4:  Minimizing Layer Count with BGA Fan-outs 

Another important factor to decide how many layers to use 
is the placement of the parts.  A well thought-out parts 
placement and rotation of parts can save on layer count and 
improve performance. A primitive, but effective, technique is 
to draw out a placement and rotation, print many pages of it, 
and loosely sketch most of the interconnect between the parts.  
The number of different pages it takes to draw out the 
interconnect is the same number of layers needed for signal 
layers. When drawing the interconnect, try to keep a 
directional purpose for each signal layer. Some layers have 
vertical routing and some layers have horizontal routing.  

To expand this technique for plane layers, for each part in 
the drawings, write down the voltages needed.  This will 
show how far the voltages will need to travel and how widely 
spread the voltages will be throughout the placement.  From 
these drawings, and the current draw per voltage, one can 
determine which voltages will be full plane layers, which can 
be routed on signal layers, and if split plane layers should be 
used. 

The advantage of using a split plane layer is that multiple 
low-current, localized voltages can be routed on the same 
layer. If split planes are used in the design, consider using a 
sandwich technique, where one or more split planes are 
placed between full plane layers. See Figure 5 for an example 

of a 20-layer board with 2 split layers in the center of the 
board for symmetrical reasons.   

 

 
Figure 5:  Sandwich Technique 

The sandwich technique is used so the signals routed on 
signal layers have a full plane layer to use for return currents. 
When a device drives a signal from point A to point B, a 
return current is returned from B to A through a plane layer 
[3].  In Figure 5, signal layer 8 will use layer 9 for its return 
currents. Layer 9 has no breaks in it, so the return currents 
follow the signal path without interruptions. If a split plane 
layer was used as layer 9, the return currents would have to 
jump to other layers to return to the device. This would cause 
signal integrity problems and EMI problems. The sandwich 
technique provides a better signal performance. 

After determining the minimum number of signal and 
plane layers, a designer needs to match the layer count to a 
certain PCB thickness.  Usually, the PCB thickness is 
determined by external requirements.  The only other variable 
to determine PCB thickness is the materials.  The following 
two types of materials will be discussed:  

• Laminate - A typical term used for the base 
material of the layers in the PCB.  

• Core - A material that is placed between layers 
for insulation and adhesion. 

A high performance ATI usually commands a non-generic 
laminate such as Nelco, Isola or Rogers because they have a 
low dielectric constant, usually below 4 [4]. In general, the 
lower the dielectric constant, the better signal integrity at 
higher speeds. The more common laminates of FR4 or Getek 
have a dielectric constant above 4 and might be acceptable, 
but only detailed simulation will help to determine this. 
Designers should also consider using thin core capacitor 
material like ZBC or C-Ply, which can be as thin as 1-2 mils 
compared to the standard 5-6 mils.  A core also has the added 
advantage of behaving like a high-frequency by-pass 
decoupling capacitance, which will increase performance and 
decrease the number of by-pass caps needed in the design. 

 A thin laminate and core have the obvious benefit of 
being thin, so more layers will fit a specified PCB thickness.  
It also has the benefit of density.  The thinner materials allow 
signals to be closer to its reference planes, which allows for 
thinner traces widths.  The thinner the trace widths, the more 
traces that can be placed per layer. 

Overall, while trying to create a layer stackup, don’t be 
surprised if a few iterations are needed while considering the 
layer count and PCB material.    

Authorized licensed use limited to: Teradyne. Downloaded on March 19, 2009 at 15:04 from IEEE Xplore.  Restrictions apply.



III. CONCLUSION 

The ATE industry demands that all test systems occupy a 
smaller footprint and be more transportable.  While the test 
system manufacturers are responsible for making the racks 
and the physical size smaller, the only way to achieve this 
overall goal is by reducing the size of the test instruments.  In 
the case of VXI or PXI, where the size of the instruments is 
fixed, the goal is to design more physical consolidation, to 
either reduce the number of chassis needed or the amount of 
rack-mount equipment.  ATI’s have followed suit; they now 
have multiple instruments per slot such as timer counters, 
digitizers, function generators, and arbitrary waveform 
generators.  As the densities increase, no loss in performance 
is expected.   

This paper has explored techniques and technologies for 
instrumentation vendors to tackle the age-old engineering 
trade-off of space versus performance, or more aptly density 
versus performance.  The following was discussed: 

• Using a custom analog ASIC to make the front-
end smaller and easier to cool. 

• Designing in a large FPGA for many of the 
digital functions. 

• Taking steps to lower power dissipation by 
proper cooling, lowering voltages and 
implementing programmable power supplies. 

• Designing a PCB layer stackup with the 
appropriate material. 

Remember that every design is different, and some designs 
might have other considerations that are equally as valid that 
will influence the density versus performance trade-off. 
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