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Abstract 
This paper presents the design of a high performance, 

radiation hard Laser Programmable Analog Array (LPAA) 
using LaserLink’s MakeLink™ technology.  Radiation 
hardness is achieved through the use of an advanced 
Silicon-on-Sapphire (SOS) fabrication process.  The 
programming of the analog array is achieved through the use 
of laser via formation, which has extremely low resistance, 
negligible capacitance and full compatibility with commercial 
CMOS processes.  The proposed LPAA consists of a 4 x 2 
array of Configurable Analog Blocks (CABs) surrounded by 
abundant interconnect resources. There are 12 PAD groups 
around the chip, and 8 tracks per X/Y channel. Each CAB 
has 4 input and 4 output pins with internal circuit operating 
in fully differential mode. The high performance amplifier 
provides a usable bandwidth of 12MHz.  With appropriate 
programming, the LPAA can provide an accurate, low-cost 
and rapid-prototyping analog ASIC solution. 

I.  INTRODUCTION 
While interest, availability and use of field-programmable 

gate-arrays (FPAAs) have grown, FPAAs still have not 
achieved the same success as FPGAs in the digital domain. 
This results from several contributing factors, including the 
lack of CAD tools, small circuit density, small bandwidth and 
layout dependent noise figures. These factors are all related 
to each other, making the design of a high performance 
FPAA a multi-dimensional problem. A critical reason behind 
these difficulties is the non-ideal programming technology, 
which contributes a large portion of parasitics into the 
sensitive analog system.  High-density digital integrated 
circuits have dominated the semiconductor market, but 
analog circuits as the interfacing blocks still play an essential 
role in today’s complex, high performance systems. After all, 
the real world is analog. Analog ICs find broad applications 
including analog filters, oscillators,  
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modulators, pulse shaping circuitry, A/D, D/A converters, 
telecommunication systems, closed-loop control, and 
integrated signal processing circuitry for various sensors. 

An important advantage of digital systems is their 
immunity to noise. More importantly, the clearly defined 
hierarchical decomposition of digital systems with well-
accepted performance measures makes digital ICs very ease 
of design over analog systems. Many CAD compatible 
digital system design methodologies have been developed, 
which lead to short design cycles and low cost. On the 
contrary, the analog design process still features a lot of 
intuitive and manual design approaches based on 
experience.  So there is a substantial need for developing 
high performance, reconfigurable analog ICs suitable for 
CAD methodologies in order to improve design efficiency. 
This has been the motivation for research in the area of Field 
Programmable Analog Arrays [1]. 

In general, an FPAA is a monolithic collection of 
configurable analog building blocks (i.e., CABs), a 
programmable routing network used for passing signals 
between CABs, and a block of memory (for SRAM based 
FPAA) storing configuration data [2].  Alternatively, the 
circuit topologies may be defined by other methods such as 
antifuse technologies. There are several FPAA designs in 
the academic literature and some commercial chips exist in 
the industry. However, a general purpose FPAA suitable for 
high frequency applications does not yet appear. This can 
be due to (1) previous designs are based on bandwidth 
limited switched-capacitor techniques; (2) most FPAAs use 
MOS transistor or antifuse based programming switches; 
and (3) a lack of appropriate CAD tools.  In addition to 
introducing radiation softness, those switches can bring a 
large amount of parasitics into the sensitive analog circuit 
thus severely degrading circuit performance. 

This paper presents a continuous-time (CT), radiation 
hard Laser Programmable Analog Array (LPAA) using 
LaserLink’s MakeLink™ technology.  Because of its 
extremely low resistance, negligible parasitic capacitance and 
full compatibility with commercial CMOS processes, 
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MakeLinkTM switches can offer a breakthrough capability in 
analog array performance. 

The organization of the paper is as follows: section 2 
gives a brief description of the fabrication technology, 
section 3 compares currently available programming 
technologies and introduces MakeLink™ and its 
advantages. Section 4 describes the internal CAB circuitry. 
Section 5 presents the LPAA architecture and the routing 
problem. At last, a brief conclusion is given and some future 
work is proposed. 

II.  PROCESS DESCRIPTION 
For the LPAA the Peregrine Semiconductor UTSi® 

process was selected for fabrication. UTSi® is a fully 
depleted CMOS/SOS (silicon on sapphire) processing 
technology. The differences between it and a standard, 
silicon substrate CMOS can be seen in Figure 1.  

 
 

 
Figure 1:  Profile view of UTSi® SOS versus standard CMOS. 

 
Whereas standard CMOS has a number of PN junctions 

associated with its construction (i.e., well-to-substrate, 
source/drain-to-well), UTSi® has only a small source/drain 
to body. The elimination of these junctions greatly reduces 
parasitic capacitance and produces a higher speed 
technology. Standard CMOS has considerable topology 
arising from the large number of photolithographic processes 
needed to pattern the different wells and isolation regions. 
The topology of UTSi® is much flatter, resulting in a better 
base for metallization and improved yield. In general, UTSi® 
is a much simpler process, which leads to better yields and 
lower costs. It is also a higher performance process. The 
silicon film is subjected to a post-deposition annealing step 
that produces a high quality silicon crystal structure with no 
twinning defects and the carrier mobilities are essentially the 
same as bulk silicon. The silicon film used in UTSi® is so 
thin that the body region of the transistor is fully depleted. 
This essentially eliminates gate capacitance for voltages 
below the threshold voltage. The threshold voltage can be 
easily tailored and values of 0.0, 0.3, and 0.8 volts are 
available in the technology. The key electrical and physical 
aspects of the technology are illustrated in Figure 1. The 
structure of UTSi® also has many advantages for space 

applications. These are illustrated in Figure 2. The thin gate 
oxide has high intrinsic radiation hardness. The fully 
depleted body exhibits no floating body effect, a significant 
issue in older CMOS/SOS technologies. There is no 
possibility of radiation induced leakage current between 
adjacent devices. The only total dose mechanism that 
applies to UTSi® is edge leakage, and it is mitigated by 
passivation on the edge interface under the polysilicon gate. 
The technology easily achieves 100Krad(Si) total dose 
hardness 
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Figure 2:  UTSi® benefits for space applications. 

 
as illustrated in Figure 3 and Figure 4, which show transistor 
performance on NMOS and PMOS transistors before and 
after 100Krad(Si) exposures. Radiation testing at 
AFRL/Space Vehicles Directorate has shown hardness in 
excess of 1 Mrad(Si). 
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Figure 3:  Pre/Post Radiation Performance UTSi® NMOS 

transistor.  (Data courtesy of Peregrine Semiconductor) 
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Figure 4:  Pre/post Radiation Performance of UTSi® PMOS 

transistor. (Data courtesy of Peregrine Semiconductor) 
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UTSi® also is an excellent technology for hardness to 
single event effects. Since it is built on an insulating 
substrate, there is no possibility of single event latchup. 
Also, the extremely thin silicon with a short minority carrier 
lifetime greatly reduces the charge collected in a single event 
strike.  ATK Mission Research is currently developing test 
chips to be processed by Peregrine to quantitatively 
determine the SEU threshold for the technology. The version 
of UTSi® selected for fabricating the LPAA is the 0.5 micron 
feature size with one level of polysilicon and 3 levels of 
metal. It has a 115Å gate oxide, lightly doped drains for 
suppression of hot electron effects, and AlSiCu metallization 
system. It is a 3 volt technology which includes linear 
capacitors and resistors.  

III.  LASER VIA TECHNOLOGY 
To date, most FPAAs use SRAM or antifuse 

technologies for programming. [3] indicate most approaches 
are unsuitable for high performance analog circuits.  
Whereas the switches used in a SRAM approach is also 
susceptible to total dose effects.  Ideally, the designer would 
want a switch to have properties of a metal wire.  For this 
purpose, the design of the LPAA has chosen a laser via 
technology, termed MakeLink™, for the implementation of 
the switches. 

The structure of laser MakeLinkTM is schematically 
illustrated in Figure 5. [4].  
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Figure 5:  Laser programmable vertical metal link structure. 

 
The principle of link formation employs the contrast of 

material properties between the metal and the surrounding 
dielectrics SiO2/Si3N4. The IR laser beam passing through 
the square hole of the upper metal (M2) frame is impinged on 
the lower metal (M1) line with negligible loss of energy in the 
covering dielectrics. The laser energy is absorbed on the 
surface of M1 to be resulting in a sharp metal temperature 
increase. Due to the extremely low thermal conductivity and 
light absorbency of the dielectrics, the dielectric temperature 
is not changed so much. In the mean time, metal expansion 
fractures the surrounding dielectrics along the stress 
concentration paths and molten metal fills in the crack.  At an 
optimal laser energy and spot size, dielectric cracks can be 
controlled to initiate from the upper corners of the M1 line 

and terminate near the inside lower corners of the M2 frame 
without propagating to the outside of the structure or 
fracturing the top dielectric passivation.  Further information 
on the laser via technology and its reliability can be found in 
[4-6]. 

Advantages of Laser MakeLink™ in the application of 
programmable devices include: (1) extremely low electrical 
resistance per link: 2-3 orders smaller than that of an Actel 
antifuse or a MOSFET switch; (2) high reliability and tolerant 
to high current density; (3) area efficient: it is a pure metallic 
link and does not occupy any silicon area; (4) fully 
compatible with commercial CMOS processes; and (5) 
radiation hard: because no active devices are involved. 

Part of the laser via approach is determining the proper 
laser energy profile that would obtain optimum yield and 
provide low resistance.  For the UTSi® process, an optimum 
energy window of 0.3- 0.7 µJoule, which would allow 
resistance as low as 0.8 Ω , with one failed link per 20,000.  
The energy versus resistance is shown in Figure 6. 

 

 
Figure 6:  Results of laser via formation given Resistance ( of via ) 

vs Energy (laser energy to form via) 

IV. DESCRIPTION OF CAB DESIGN  
At the heart of the LPAA is the configurable analog 

block (CAB).  A robust CAB design provides flexibility and 
high performance at the same time.  Of issue in designing the 
LPAA was whether to operate in discrete-time or 
continuous-time.  Discrete-time approaches generally use 
switched-capacitor techniques which are well suited to 
digital control and do not require the use of on-chip turning 
circuitry for VLSI implementations of programmable 
components.  However, such sampled-data techniques 
require that input signals be band-limited to at least one half 
of the sampling frequency and hence anti-aliasing and 
reconstruction filters must be used. This requirement 
significantly limits the bandwidth of discrete-time FPAA 
circuit implementations (usually less than 1/10 of the clock  
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Figure 7:  Structural view of PRA (top) and PCA (bottom). Showing allowed  

connections and the maximum achievable value per array. 
 

 
Figure 8:  Block diagram of CAB structure.  Red lines are buses.  Squares are via arrays. 

 

 

rate) [7].  Therefore, the LPAA is implemented with a 
continuous-time structure. 

In general, a CAB is composed of programmable 
capacitor arrays (PCA), programmable resistor arrays (PRA), 
and amplifier element (Figure 7).  Figure 8 shows the block 
diagram of the CAB architecture used in the LPAA with the 
red lines indicating 8 wide buses.  The PCA and PRA 
provide a maximum of 31.5pF and 135kΩ , respectively.  The 
amplifier unit is the core element and should support as 

many analog functions as possible.    To implement the 
analog element of the CAB, possible choices include a 
traditional op-amp [8], operational transconductance 
amplifier (OTA) [9], and second-generation current conveyor 
[10].  In the LPAA, the amplifier is based on the four-terminal 
floating nullor (FTFN) concept, which supports voltage and 
current mode operation.  It has also been shown that any 
active circuit can be realized using a FTFN [11].  A fully 
balanced  
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Figure 9:  Symbol for the FBFTFN circuit. 
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Figure 10:  Schematic of FBFTFN amplifier element used in CAB. 

 

configuration is desired because 1) it has large output swing; 
2) circuit is less susceptible to common-mode/coupling 
noise; and 3) there are no even-order harmonics thus less 
harmonic distortion [12].  For the LPAA, a Fully Balanced 
Four Terminal Floating Nullor (FBFTFN) is adopted from [13] 
(Symbol shown in Figure 9.  The FBFTFN (Figure 10) 
features a highly symmetric two stage opamp structure.  The 
input stage consists of a differential difference pair [14, 15] 
which converts the two differential voltages into two 
currents that are subtracted, then converted into a voltage 
by the current source load and amplified.  A low impedance 
output node can be formed by feedback of the Vop and Von 
nodes for voltage-mode operation.  The Vzp and Vzn nodes 
provide high output impedance suitable for current-mode 
operation. 

The output of the circuit can be expressed as  

( ) ( )[ ]nnnppnppoonop VVVVAVV −−−=−=         Eq (1) 

with Ao as the small signal open-loop gain expressed as: 

( ) ( )( )10910915311 //////// dsdsmmdscdsdsdsmo rrggrrrrgA +⋅=            Eq (2) 

Also, two common-mode feedback circuits are implemented 
on chip for each stage. 

Combined with the PCAs and PRAs in the CAB, the 
FBFTFN can be configured to implement numerous analog 
functions [13].  Some example functions are shown in Figure 
11.  It is noteworthy to mention that the FBFTFN can also be 
configured as a fully balanced second generation current 
conveyor [16]. 

Shown in Figures 12-14 are simulation plots of the 
example structures from Figure 11.  Figure 11. shows the 
CAB configured as an voltage amplifier, transconductance 
amplifier, and Sallen-Key Bandpass filter.  Figure 12. shows 
the bandwidth limitation of the voltage amplifier as the gain 
is increased.  To alleviate the bandwidth limitation, the CAB 
can be configured as an OTA which has constant bandwidth 
with increasing gain as shown in Figure 13.  Figure 14. shows 
the AC response of the CAB configured as a single-amplifier 
Sallen-Key bandpass filter with a Q=7.07 and ωo=837kHz.  
These few examples are only a small portion of the circuits 
that are achievable using the LPAA. 

V.  LPAA ARCHITECTURE AND ROUTER 
For the LPAA, the cell placement is fixed and routing 

requires Manhattan style paths in which all the connections 
must be completed within the horizontal and vertical 
channels.  The LPAA architecture not only effects 
routability, but also contributes to the performance of the 
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implemented circuit.  The LPAA uses an array-based 
architecture for this development as shown in Figure 15. 
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Figure 11:  Example configuration using the FBFTFN based CAB: 
(a) Non-inverting Voltage amplifier, (b) Transconductance 

amplifier, and (c) Sallen-Key Single Amplifier Bandpass Filter. 
 

The LPAA contains a 4X2 CAB array.  Each CAB has 4 
input and 4 output signal pins available for routing to 
accommodate the FBFTFN design.  Each CAB is surrounded 
by four connection boxes.  The connection box is 
implemented in a connection scheme achieving a high 
flexibility of 8 which increases the routability [17] (Figure 16).  
There are 8 tracks per horizontal (X) and vertical (Y) channel.  
The LPAA also uses 8 strategically placed switch boxes.  
Two different patterns are used for the switch box 
implementation.  Each switch box has a low flexibility of 4 for 
improved routability [17] for this size analog array (Figure 
16). 

 

 
Figure 12:  AC plot of CAB configured as a Inverting amplifier 

with various gains. 
 

 
Figure 13:  AC plot of CAB configured as a tranconductance 

amplifier with various gains. 
 

 
Figure 14:  AC response of CAB configured as Sallen-Key 

Bandpass Filter. 
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Figure 15:  LPAA Architecture 

 

It has 12 I/O PAD groups (some reserved PADs are not 
shown in the figure), with 8 PADs per group. The left column 
and bottom row PADs are for input only; the top row and 
right column PADs are for output only. This “prototype” 
LPAA architecture does not have segmentation but it can 
easily be modified, adding more CABs, PADs, tracks and/or 
segmentation scheme to develop into a more versatile 
structure. 

The LPAA is based on a very strict design flow outlined 
in Figure 17.  The designer uses a schematic entry tool to 
capture the circuit design.  The schematic entry tool then can 
create both a SPICE compatible netlist for simulation and 
router netlist for the routing tool.  The LPAA coordinate 
system is defined in Figure 15. from (0,0) to (3,5).  The four 
corner positions (0,0), (0,5), (3,0), and (3,5) are blank areas.  
Each X and Y directed channel belongs to the pad or CAB 
right below it, or on the left of it, having the same 
coordinates. 

CAB CAB

Switch Box
Pattern 1

Switch Box
Pattern 2

Connection Box

 
Figure 16:  Schematics of the connection box and switch patter 

boxes used in the LPAA 
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Figure 17:  LPAA Design Flow 

 

The legal routing connections are: 

 

§ LHS pads can connect to all the tracks in channel 
y (0, 1); RHS pads can connect to all the tracks in 
channel y (4, 1). 

§ Bottom row pads can connect to all the tracks in 
channel x (1, 0); top row pads can connect to all 
the tracks in channel x (1, 4). 

§ Input CAB pins can connect to tracks in the 
channels immediately on the left, top and bottom of 
the CAB; output CAB pins can connect to tracks in 
the channels immediately on the right, top and 
bottom of the CAB. 

§ Tracks in the horizontal channel can connect to 
tracks in vertical channel if a switch is available 
at the intersection. 

§ Direct connections between CAB pins are not 
allowed; direct connections between PADs and 
CAB pins are not allowed. 

§ Dogleg is not allowed, i.e., CAB pin cannot be 
acted as intermediate vertex to route a net. 

Based on the defined architecture and above routing 
connection definition the routing algorithm was developed.  
Conventionally, the task of routing is carried out in two 
phases: global routing and detailed routing [18-20]. In the 
global routing phase, a list of regions (channels) are 
assigned to each net, without specifying actual track-pin 
connections; connections are completed in the detailed 
routing phase. This two-step routing method is mainly due 
to the complexity of the problem.  However, there are two 
apparent drawbacks: (1) The task of detailed routing is 
usually very difficult or impossible because the routing 

resource of FPGA/FPAA is fixed and limited and the detailed 
routing is highly constrained by the decisions made during 
the global routing phase; (2) In case the circuit is routable, it 
is very likely the routing result is only sub-optimized, even if 
we get an optimized result in both phases. Therefore, a one-
step, combined, global-detailed routing scheme is preferred 
in our routing algorithm development [18, 19, 21]. 

Although several approaches have been proposed to 
address the routing of programmable analog arrays [22], the 
LPAA routing algorithm is more closely associated with 
algorithms developed in the digital domain for FPGAs.  There 
are many trade-offs when routing a circuit netlist. For 
example, performance and congestion may conflict. A pure, 
routability-driven router may produce poor performance, 
while pure performance-driven routing may result in an 
unroutable circuit. How to balance these tradeoffs is the 
major concern of the router. An efficient way to account for 
the tradeoffs is to incorporate those tradeoffs into a cost 
function.  Most routers perform multiple routing iterations in 
which some or all of the nets are ripped-up and rerouted by 
different paths to resolve competition for routing resources, 
or to improve circuit performance. The criteria to determine 
which net should be routed first, is determined by the cost 
function. Therefore cost function design is critical for 
routing algorithm. 

In our development the routing problem is defined as a 
Minimum Steiner Tree (MST) problem in graph theory.  
Therefore, the LPAA router can be based on the Pathfinder 
Negotiated Routing Algorithm [18, 19, 21]. Depending on the 
cost function design, we can make it either pure routability-
driven or balanced, congestion-performance driven routing. 
However, for this small scale LPAA, a 4x2 CAB array, a 
routability driven router is sufficient.  We have finished a 
routability-driven router for LPAA. Although it is called 
routability-driven, the router in fact not only resolves the 
congestion but also tries to find the “shortest path”. In other 
words, the accumulated parasitics (especially the loading 
capacitance and serial resistance) are automatically kept to a 
near minimum value, along with the wave expansion process. 
Also, because of the extremely small parasitics associated 
with MakeLink™ switch, this router is sufficient for this 
relatively small-scaled LPAA. 

VI.  CONCLUSION 
This paper has shown the design of the LPAA, which 

has been the integration of various technologies in support 
of a continuous-time radiation hardened programmable 
analog array.  The LPAA has the advantages of flexible 
circuit topology, area efficiency, radiation hardness and 
extremely small parasitics.  Therefore it provides a promising 
high performance, low cost and fast-prototyping analog 
ASIC solution. 

Future work would involve adding discrete-time 
capability, optimization of the layout, and further 
development of the cost function for analog parameters. 
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