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ABSTRACT 
 
Modern telemetry systems often require signal switching hardware to facilitate signal routing 
reconfiguration between missions. As these systems have grown more complex with high signal 
counts and diverse signal types in the same system, the need for flexible switching hardware that 
can adapt to these changing requirements has emerged. A novel architecture for diverse signal 
switching hardware is presented that addresses the changing requirements of modern telemetry 
systems. While conventional commercial switching gear handles each signal type in a separate 
group, the proposed architecture allows digital and analog signal types to be switched, 
multiplexed, scaled, and combined (as the signal types allow) all within the same chassis, and 
between signal types. 
 
 

INTRODUCTION 
 
Today’s sophisticated multi-signal data transmission and test systems rarely allow a fixed system 
configuration where signal paths are defined and implemented once, never to be re-routed.  It is 
much more common for signal processing equipment to serve multiple uses for different projects 
or missions, thus requiring periodic signal routing changes.  Reconfiguration is often even 
required during a mission or test.  These situations have created the need for signal switching 
hardware that allows simple reconfiguration of signal paths without the costly physical rewiring 
of the system by technical personnel.  A number of commercial product offerings are available to 
fill this need.  
 
 

REVIEW OF STANDARD EQUIPMENT 
 

Signal Types 
In the majority of digital signal switching applications, TTL logic level or RS422-compliant 
signal switches are used for logic signals such as clock and data pairs from bit synchronizer 
equipment.  In addition, analog signal types are supported by standard equipment including low 
bandwidth analog signals for generic signal applications like physical sensor data and wide 
bandwidth analog signals such as base band digital signals from a receiver output or intermediate 
frequency receiver signals. 
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Blocking vs. Non-blocking 
During a partial reconfiguration of existing connections or the insertion of a newly-added input 
to output connection, a signal can be blocked if there are not enough routing pathways through 
the switch to support all requested connections.  A switch design subject to this limitation is 
called a blocking switch.  In contrast, a switch that has enough routing pathways to support any 
signal reconfiguration or addition without disturbing the throughput of existing connections is 
said to be non-blocking.  A non-blocking switch is often preferred for systems that require signal 
path reconfiguration to take place during live operation without disturbing existing signal routes. 
 
 
One-to-One and One-to-Many Connections 
Switch hardware is commonly used to route signals one-to-one describing a scenario where each 
input is routed to a single output.  Alternatively, a one-to-many connection capability allows a 
single input to be routed to one or more output connections simultaneously.  This can be useful 
when distributing a signal to multiple equipment inputs such as a data recorders and 
decommutation equipment. 
 
 

STANDARD EQUIPMENT LIMITATIONS 
 
Although there are many different types of signal switching equipment used in the telemetry 
field, for comparison purposes this discussion will focus on standard switch equipment 
supporting medium frequency digital (TTL or RS422) clock and data signals, and low bandwidth 
analog signals in the typical ±10V range. 
 
 
DC Performance vs. Bandwidth 
Many commercial signal switching products use analog switching technology.  Since a digital 
signal is ultimately an analog signal as it travels through a conductor, analog switches can 
simultaneously support both types of signals, and as such, are often preferred to other switch 
types.  As is usually the case in engineering, the decision to use this type of circuitry as the 
switching core is a tradeoff of conflicting performance considerations.  Support of medium to 
high speed digital signals typically requires an analog channel bandwidth at least three or four 
times the maximum digital input signal frequency, pushing the analog bandwidth requirements 
into the hundreds of MHz.  This bandwidth is certainly sufficient to handle the low bandwidth 
analog input signals as well, making this topology attractive from a system complexity 
standpoint.  The design tradeoff becomes apparent when you look more closely at the system’s 
performance for each type of signal.  Although operational amplifier technology is steadily 
improving, amplifiers that excel at wideband signal amplification typically suffer from less than 
stellar DC performance.  Analog crosspoint switching integrated circuits exhibit similar 
inconsistencies over their operating frequency range, although their specifications are a bit 
different than an amplifier.  Since these components form the core of wideband analog signal 
switches, performance over the full operating frequency range is similarly inconsistent and must 
be carefully considered for each application. 
 



3 

 
Crosstalk in Digital Signals 
When signals are switched through an analog switch matrix, parasitic capacitive and inductive 
coupling in PCB traces, connectors, and on the die of integrated circuits can cause crosstalk 
between neighboring signals.  For a digital signal passed through an analog switch network, this 
may not cause significant signal degradation due to the nature of the digital signal.  As an 
example, if a typically small amount of spurious coupling from an aggressor signal occurs during 
a victim signal’s static state, the disturbance likely won’t cause the victim signal’s logic state to 
change (Figure 1a)  If this crosstalk occurs during a logic transition, however, the disturbance 
can cause an apparent time shift of the transition point of the victim signal (Figure 1b), or in 
severe cases when an aggressor signal with very high �v/�t is nearby, a brief edge reversal 
resulting in an occasional signal glitch when the output signal is received by another gate (Figure 
1c).  Fortunately, most signal switches have isolation specifications of at least 40dB at mid to 
high frequency, so the chance of an edge reversal as severe as that shown in Figure 1c is next to 
zero.  Nevertheless, edge placement and jitter are still concerns when preservation of timing is 
critical. 
 
 

 
 

Figure 1 – Crosstalk Effects in Digital Signals 
 
 
Crosstalk in Analog Signals 
Depending upon the application’s requirements, a low-frequency analog signal passed through 
the same switching circuitry described in the previous section can be irreversibly altered by a 
digital aggressor signal with fast edges as shown in Figure 2.  For this reason, the crosstalk 
limitation of switching hardware utilizing analog crosspoints to pass analog signals must be 
carefully considered for each application. 
 
 

 
 

Figure 2 – Crosstalk Effects in Analog Signals 
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High Cost 
Wideband analog crosspoint switching ICs tend to be quite expensive compared with generic 
digital programmable logic, adding significant cost to switching hardware using them.  
Additionally, to maintain decent DC performance, analog paths must be trimmed with additional 
offset correction circuitry, increasing cost and reducing reliability. 

 
 

PROPOSED TOPOLOGY 
 
Segmented Switching Matrix 
The switching topology discussed here is based on the segmented switching approach first 
proposed by Charles Clos in 1953 [1].  This topology, depicted graphically in Figure 3, splits the 
signal switching function into smaller crosspoints arranged in three stages.  For the purposes of a 
signal switching network, this topology allows hardware-efficient, strictly non-blocking 
operation when m � 2n. 
 
 

 
 

Figure 3 – Three Stage Segmented Switching Matrix 
 
 
By separating input and output signals from the middle switching stage, signal types can be 
mixed at the input and output stages as long as they are translated to and from a common signal 
type for passage through the middle switching stage.  Selection of a digital signal type for the 
middle stage signal paths provides the most flexible arrangement for transmission of a wide 
variety of input signals while reducing the cost and complexity of the middle stage hardware 
implementation. 
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Modular Input and Output Stage Implementation 
The input and output stages each consist of r identical crosspoint switches, an item that can be 
exploited to break each stage into multiple physical modules, facilitating large matrix dimensions 
and allowing different signal types to easily be mixed in one system.  To support a digital signal 
type for the middle stage signal paths, the input and output stage modules must not only perform 
the first stage signal switching function, but also the signal translation function required to 
convert the external signals to and from the middle stage signal type.  By converting all input 
signal types to a consistent data format for switching in the middle stage, the topology allows 
any mix of signal types to coexist in the system.   
 
 
Middle Stage Implementation 
The middle stage is a fully digital crosspoint switch bank utilizing FPGA logic to perform the 
switching function along with other optional advanced features.  Low voltage differential 
signaling (LVDS) is the preferred physical transmission medium for the intermediate signals 
after conversion from their input type.  LVDS works well since it has small signal excursions for 
reduced radiated emission, high immunity to spurious coupling from other signals, and supports 
high data rates.  
 
In this implementation, the data passing through the middle stage is encoded based on the type of 
signal source, bandwidth required, and the type of signal output.  In the simplest case of a one-to-
one TTL to TTL signal route shown in Figure 4a, a TTL input signal is converted to LVDS on 
the input module, switched to the appropriate middle stage crosspoint by the input crosspoint, 
switched through the middle stage crosspoint to the appropriate output module, switched to the 
appropriate output connector by the output crosspoint and finally converted to TTL to drive the 
output connector.  In the more complex situation shown in Figure 4b, a wideband analog input 
signal might be converted by a high sample-rate ADC to a set of LVDS serial streams that are 
switched through to the desired output module where the set of LVDS streams are de-skewed 
and reconstructed by a wideband DAC for output.  Since there is a bandwidth limitation on the 
pathways through the switch hardware, certain signal types like this will require multiple parallel 
serial paths through the switch matrix to support the data rates required for faithful 
reconstruction of the original signal. 
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Figure 4 – Signal Routing Examples 

 
 
In a general sense, paths through the switch matrix can be utilized in different ways to support 
different signal types, bandwidths, and translation to other formats.  This switch architecture has 
the flexibility to support any signal combination within the same chassis as a direct result of the 
all digital switching matrix. 
 
 

ADVANCED FEATURES 
 

The proposed switch topology has distinct advantages over classic implementations, but other 
advanced features make it even more attractive for specific applications.  By providing additional 
ways to manipulate the signals, the switch can support other functions that have historically 
required external hardware. 
 
 
Input and Output Stage Advanced Functions 
Applications that require switching low-level analog signals like sensor outputs or noise signal 
sources will benefit from the addition of a programmable gain amplifier (PGA) before the ADC 
input to maximize the useable dynamic range of the converter.  Conversely, switch outputs often 
must drive a wide array of equipment with different input level and impedance requirements.  To 
meet these requirements, a PGA is often used to match output signal levels to the input being 
driven.  Adding a PGA before each analog output driver simplifies system design by eliminating 
the need for external hardware and interconnects to perform this function.  A careful choice of 
input and output gains can simultaneously satisfy input dynamic range and output driver 
requirements and provide an overall net signal gain, if required. 
 
For very specific applications, other advanced functionality can be added to the input and output 
analog switch modules such as programmable bandlimiting, AC coupling, input attenuation for 
high voltage signals, and high voltage or high current output drivers. 
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Middle Stage Advanced Functions 
The middle stage switching logic is implemented within high density FPGAs with huge internal 
resource availability for extended functionality beyond the basic switching capability.  Since the 
data passing through this stage is all in digital format, it is fairly straightforward for this logic to 
support advanced signal processing functions under control of the system routing software. 
 
 
Filtering and Combining 
The most obvious type of signal processing to be performed on analog signals being switched 
through the middle stage is filtering.  Since analog signals will typically be converted to at least 
one digital pulse code modulated (PCM) serialized stream by the input stage, the middle stage 
will need to reformat the PCM data before performing the filtering function.  Depending upon 
the output data format required, the middle stage logic will reformat the filtered PCM data for 
the output stages after the filtering is performed. 
 
For analog signal applications such as audio, signal combining is another simple function that 
can be performed in the middle stage logic.  With selectable polarity to provide support for 
subtraction or addition, time-aligned samples from the PCM streams of two or more analog input 
signals can be combined into a single output.  This function allows support for signal mixing or 
differential measurements of signals.  Weighting of the signal inputs and the combined output 
can be easily implemented as well. 
 
 
Signal Multiplexing and Demultiplexing 
With data passing through the middle stage encoded in common PCM formats alongside strictly 
digital input signals which may, themselves, be PCM encoded data and clock pairs, the 
possibility of multiplexing and demultiplexing these data streams becomes an attractive feature.  
Simple and complex multiplexing schemes can be implemented in the middle stage logic 
allowing multiple, diverse inputs to be converted, scaled, filtered, and multiplexed onto a single 
digital output for transmission to another remote chassis where the signals are demultiplexed and 
reconstructed. 
 
 
Example of an Advanced Application 
Figure 5 graphically depicts an application where analog and digital input data is multiplexed by 
one switch chassis and demultiplexed after transmission of the encoded clock and data pair.  An 
additional output is used from the multiplexer switch chassis for data recording.  In addition to 
the multiplexing and demultiplexing functions, the advanced function elements might be 
simultaneously configured to perform filtering or combining of the analog signals.  These blocks 
can be logically positioned before or after the cross point switches in the middle stage, depending 
upon the function they are asked to perform.  The system control software would need to 
configure the arrangement on a case by case basis. 
 
 



8 

 
 

Figure 5 – Advanced Application Example 
 
 
Combinations of these advanced functions could be utilized to eliminate external hardware, 
providing the user with significant flexibility and cost savings. 
 
 

ADVANTAGES OF THE PROPOSED TOPOLOGY 
 
Low Cost 
Using commonly available FPGAs to perform the crosspoint switching function on digital logic 
signals, parts cost and testing costs are significantly reduced when compared with analog 
crosspoint switches. 
 
 
Flexibility 
An all-digital switching network allows virtually any signal type to be converted and switched 
over the same crosspoint matrix.  The topology also has the inherent ability to convert similar 
signal types with no additional hardware requirements (i.e. TTL to RS-422). 
 
 
Low Signal Crosstalk 
The use of LVDS logic signals through the physical PCB interconnections and middle stage 
switch logic greatly reduces crosstalk effects between signals.  Since analog signals are first 
converted to a digital format before transmission through the crosspoints, there is no opportunity 
for crosstalk to alter the analog signal inside the switching matrix. The analog signal 
transmission fidelity is only limited by the quality of the ADC and DACs used in the input and 
output stages.  Considering the wide performance range of today’s signal converters, virtually 
any level of signal distortion performance is possible. 
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Physically Smaller Solution 
The ultra high density FGPA technology that is readily available ensures that this switching 
topology is as space-efficient as possible.  This is important when implementing large matrix 
switches that are common today. 
 
 
Performance 
This topology allows low to medium bandwidth analog signals to be switched with ultra high DC 
accuracy while simultaneously switching high frequency digital clock and data signals with 
virtually no crosstalk effects. 
 
 
High Reliability 
A significant reduction in component counts along with connector-only interfaces between 
switching stages ensures the highest reliability possible in a signal switching system. 
 

 
DISADVANTAGES OF THE PROPOSED TOPOLOGY 

 
 
Quantization and Reconstruction Noise & Distortion 
The most obvious disadvantage to converting analog signals to digital PCM for switching is the 
signal noise added by the quantization and reconstruction process. Some ultra-stringent 
requirements may preclude the use of this technique for switching analog signals, but for the vast 
majority of applications, today’s ADC and DAC converter technology can provide the required 
performance. 
 
 
Analog Bandwidth Limitations 
Very high bandwidth analog signals that cannot easily be converted using Nyquist sampling 
techniques with an ADC may require a fully analog switching solution.  Again, the ADCs and 
DACs available today will cover most applications, but certain fringe requirements will force a 
different approach than the one described here. 
 
 

CONCLUSION 
 
This paper described an all digital signal switch design that will not only support traditional 
applications, but also more complicated, processing-intensive applications where multiple signal 
types must coexist and interact within the same chassis.  By converting all input signals to a 
common high-speed LVDS form for switching through the matrix, advanced functions such as 
filtering, signal combining, and multiplexing of dissimilar signals are easily supported. 
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