6
> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) <


(
 Using SiGe HBT BiCMOS to Create High Performance Programmable Gate Arrays 
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Abstract—Advances in Silicon Germanium (SiGe)  Heterojunction Bipolar Transistors (HBTs) now makes it possible to create a new family of high performance Field Programmable Gate Arrays (FPGAs).  This new family of FPGAs uses the speed of SiGe combined with the power savings of CMOS and flexible power programming to produce a bitwise compatible version of the Xilinx 6200, with operating frequencies in the 10 GHz range.  All logic and routing is multiplexer based, eliminating the need for pass transistors.  Design improvements include the ability to program multiple personalities, switching between personalities in less than 1ns, and turning off unused parts of the FPGA.   

Index Terms—Gate-array, High-performance, Low-Power-Design, Programmable-Logic-Array, Reconfigurable-system.

I. INTRODUCTION
FPGAs are flexible programmable devices that are used in a wide variety of applications such as network routing, signal processing, pattern recognition, and rapid prototyping of designs.  The flexibility of an FPGA has a drawback of  connections delays, which is one of the fundamental limits on FPGA performance.

  The high current gain and low input capacitance of bipolar transistors make it an attractive replacement for CMOS in high performance applications.  In 1983, Fairchild Semiconductor created an Emitter Coupled Logic (ECL) Field Programmable Logic Array (FPLA) [1].  The FPLA was fuse-based and had a 4ns cycle rate, which was quite fast for 1983.  Unfortunately, the project was abandoned due to the high power consumption and limited scalability of the design.

Others have recognized the advantages of bipolar devices.  In 1994, researchers at AT&T Bell Labs fabricated circuits in a 1.5um, 12 GHz bipolar technology with supply voltages as low as 1.5V.  Some of the circuits fabricated were 1) 2:1 Mulitplexer operating at 2 GHz with a 1.2 mW power dissipation; 2) D-Latch operating a 2.2 GHz dissipating 1.4mW; and 3)  XOR gate with 200ps delay an a power consumption of 1.3 mW [2].

The original idea of creating a bipolar FPGA was described in 1991.  A 256-cell bipolar configurable logic array was developed using 1.2 um double-metal Collector Diffusion Isolation technology [3].  This array was named the CAL256, with a gate delay of 200ps and imbedded RAM cells to control the configuration.  The CAL256 was created for such applications as a high-speed digital Infinite Impulse Response filter (IRR) and digital sound processing.  The CAL256 bears a remarkable resemblance to the Xilinx 6200, with the lead designer, Tom Kean, hired by Xilinx to design the XC6200 in 1993.

II. Xilinx XC6200

The Xilinx 6200 is a family of fine-grained, sea of gates FPGAs. A sea of gates can be described as a large array of simple cells. This device is designed to work with a microprocessor to implement functions normally placed on an ASIC. The XC6200 can provide high gate counts for data path or regular array type designs. The XC6200 is composed of a large array of configurable cells that contain a computation unit and a routing area so inter-cell communications can take place. The XC6200 is configured by a six-transistor SRAM control store that can be quickly reconfigured an unlimited number of times, including partial reconfiguration. Data transfers can be 8, 16, or 32 bits wide that allow circuits on the FPGA to be saved and then later restored with the same internal state [4]. The chip itself is fabricated in a 3-metal n-well CMOS process.  The Xilinx 6200 was chosen as the starting point due to its public domain configuration bitstream and flexible programming features. Though the Xilinx 6200 is no longer commercially supported, 3rd party support still continues due to its reconfigurable logic capabilities.

The XC6200 utilizes multiplexer logic to create the basic logic functions.  Fig. 1 shows that basic layout of a XC6200 functional unit [4]. The X1 input controls whether the Y2 or Y3 output will be selected. The inputs to Y2 and Y3 can be an outside input (X2, X3), its complement, or a stored bit from a D flip-flop (or its complement). 

The Register Protect (RP) multiplexer controls what signal gets into the D flip-flop and the Chip Select (CS) multiplexer controls whether the logic output (C) or the stored bit (S) are output  (F).   It  is important  to  notice  that the functional unit design consists of 5 multiplexers and 1 D flip-flop, with no pass transistors. The Clear is an asynchronous signal that resets the D flip-flop, which is especially useful at startup.
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Figure 1. Original and Redesigned Versions of XC6200

The clock controls when a bit will be stored. Only when the clock is high can a bit be stored in the D flip-flop. Once the functional unit is surrounded with routing resources it will become a flexible building block of programmable logic. A slightly modified circuit was implemented as part of this research into the high-speed version of the FPGA. 

III. Current Mode Logic

In order for a bipolar transistor to switch rapidly, it must be kept out of the saturation region of operation, otherwise excessive base charge will hinder performance.  By coupling the emitters of two bipolar transistors, a symmetric circuit can be designed that can take advantage of the high gain of the bipolar transistor (Figure 2).  If VBE for both transistors are equal, the current in each branch and the output voltage will be equal. This condition is not too interesting, but if we vary V1 and V2, the current fraction in each branch is an exponential function of the voltage difference between V1 and V2.  This can be expressed as: 
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Figure 2.  Differential Pair

If V1 is much greater than V2, then the current I1 will be much greater than I2.  If the V2 is much greater than V1, then I2 will be the dominant current [5].  By “steering” this current through different paths through differential logic control, current flow remains constant (Figure 3).  According to the characteristics of the voltage levels of differential logic, over 99% of current will go down one branch if the voltage difference is 0.2 V.  

There are many inherent advantages in using differential logic.  First, the output and its complement are always available.  This can help in a high-speed design where a required complement signal would have to go through an inverter, thus introducing a delay.  Since we are not switching between supply voltages, this type of logic produces low switching noise, a desirable feature when operating at high-speed [6,7]. Second, increased noise immunity occurs because noises common to both inputs are rejected to a large degree.   The difference between VOH and VOL is based on the bias current and the load resistance, permitting a small voltage swing of ~250 mV.  This smaller swing results in faster  operation, since the charging/discharging  time  for  the   load   capacitance is reduced (which reduces current spikes caused by charging/discharging).  Third, if the correct bias current, input levels, and resistance values are chosen, the transistor pair can never go into saturation, staying in the faster operating forward-active mode. Fourth, complex functions can be created in what amounts to a one-gate macro, with propagation delays comparable to that of a simple gate.  This results in faster operation because the signal does not have to traverse several levels of logic to obtain such complex functions [8,9].
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Figure 3.  Differential Voltage vs. Fraction of Current

One of the difficulties of differential CML logic is the true and complementary inputs need to switch skew-free [10].  Otherwise, the differential pair will be blocked on either of its two paths, which would result in an interruption of current.  Preventing this is accomplished by routing wire pairs adjacent to each other.  Another problem of differential CML is the doubling of the wires in the design. Wire doubling is approximately offset by the high degree of functionality of the CML logic circuits. Differential wiring also increases the RC charging time for a given signal since twice the voltage swing is seen between conductor pairs. The biggest disadvantage to this class of circuits is that current is always flowing, consuming static power at the rate of Vcc*Ic.  

IV. IBM 7HP SiGe BiCMOS PROCESS

The physical limits of shrinking silicon CMOS circuits are on the horizon.  Charge concentrations for current process technologies are at the solid solubility limit for dopants currently in use.  Scaling of the gate oxide is reaching the point where the electric field in the insulating oxide can cause the material to breakdown, resulting in device failure.  The oxide layer is getting so thin that electrons can tunnel from the silicon substrate to the gate electrode, resulting in unacceptable leakage currents [11].

The first SiGe Heterojunction Bipolar Transistor (HBT) was demonstrated in 1987.  The technology has been developed over the years as a solution to many different applications and needs.  SiGe has proven to be competitive in performance, manufacturability, and reliability.  The idea of creating an FPGA out of this technology is novel and the IBM BiCMOS process has advanced to the point where a new high-speed family of FPGAs can now be created.  

Silicon enjoys numerous advantages over other semiconductors:  1)  Si is abundant, easily purified, and large single crystals can be grown defect-free; 2) Si can be doped with both n and p type materials over a large range (1014 to 1023 atoms/cm3); and 3) Si is strong and has excellent thermal properties.  Some of the disadvantages of silicon are:  1)  a comparatively slow carrier velocity (1x107 cm/s); 2) an indirect band gap, which results in poor efficiency in optical devices; 3) the previous history of Si band gap engineering. 

Since there is a 4% lattice mismatch between Si and Ge, the normal diamond crystal structure of pure Si and pure Ge becomes a diamond (Random Alloy).  The larger lattice constant of Ge makes it a likely candidate for band gap engineering since SiGe should have a smaller band gap than Si.  The compressive strain associated with SiGe alloys produces an additional bandgap shrinkage, with the net result being a bandgap reduction of 7.5 meV for each 1% of Ge introduced [12].  This band offset occurs mainly in the valence band, making this property useful in npn bipolar transistors.  Research has shown that at low Ge levels, there is a linear relationship between the dielectric constant and the concentration of Ge in Si (Table 1) [13].  At the highest Ge concentration, the conduction band is lowered by 0.031 eV, which demonstrates the magnitude of the built-in drift field.




             Si

         Ge              Si1-xGex
  SiGe x=7.5%

	Crystal Structure
	Diamond
	Diamond
	Diamond Random Alloy

	Atoms (cm-3)
	5.0*1022
	4.42*1022
	(5.0-.58x)  *1022
	4.95*1022

	Dielectric Const
	11.7
	16.2
	11.7+4.5x
	12.03

	Cond Band Min
	1.12
	n/a
	1.12-.41x +0.008x2
	1.089


Table 1.  SiGe Characteristics

The IBM SiGe technology offers the speed of III-V devices  (Figure 4) at the processing costs and yields of silicon. A mature foundry capability has been developed that can produce both 0.18 micron CMOS and 0.2 micron (120 GHz fT) HBT devices in  the 7HP process [14].  Based on the  fT   characteristics, the 0.2 um, 0.94 mA operating point was selected due to fastest speed/lowest power combination to make our circuits.  The 8HP process is an improved process still in development.

[image: image3.wmf]0

50

100

150

200

250

0.01

0.1

1

10

f

T

(GHz)

I

c 

(

mA

)

8 HP

7 HP


Figure 4.  IBM SiGe fT  Plots

Bipolar transistors achieve their speed through the use of a very thin base region.  The speed of the collector current depends on how long it takes for charge carriers to travel through the base. By introducing Ge into the base of a Si Bipolar Junction Transistor (BJT), a smaller base band gap is created, which increases electron injection from the emitter and thus decreases the base transit time.  The decrease in transit time results in a higher fT and higher ( [15].  A higher ( permits the base doping level to be raised, lowering the base resistance.  Research has found that the best performance is achieved by having the largest amount of Ge near the base-collector junction and the smallest amount near the base-emitter junction [16].  This design maximizes the drift field for electrons in the base.

IV.  CMOS in Bipolar Current Trees

The 2-input multiplexer is the smallest and most important multiplexer because there are three 2-input multiplexers in the XC6200 functional unit. The 2-input multiplexer takes two differential pair inputs (a,b) and produces either a level one or level two output (Figure 5).  The output is either the reference voltage (0) or  Vcc-I*R.  If I =0.7 mA and R=400OUT=-250mV.
Note the difference in Figure 5B, where emitter followers have been added.  The output lines have been reversed, because the same input conditions of (a) and (S1) will turn the emitter follower of the OUT line off, making the OUT voltage level to become one VBE lower (-.95V) and OUT will be –1.2V.  The advantage of the emitter followers in (B) is the increased drive capability of the multiplexer.

The propagation of the delays in CML depends upon the path the current takes through the tree [16].  In both types of multiplexers, the switching delay will be greater when switching at Level 2 versus Level 1.  This is due to Level 1 inputs being closer in the tree structure to the output than the Level 2 inputs.  It takes longer for the level 2 changes to traverse to the output.  
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Figure 5.  2-Input Multiplexers, Level 1 and Level 2 Outputs


The Type B Emitter Follower Multiplexer is faster that the Type A Multiplexer due to the Type A Multiplexer being passively pulled up through the resistors and down through the differential pair.  The Type B Multiplexer has the emitter followers that provide an high output impedance with a ß amplification of the current.  The logic swings are faster in the Type B Multiplexer because the output is actively pulled up by the emitter follower and pulled down by the current source.

The original design CML multiplexer tree design used bipolar transistors at levels 2 and 3 for input selection (Figure 6).  There are several problems associated with this approach.  First, the inputs have to be at the correct voltage levels and in differential pairs (level 2: –0.95, -1.2; level 3: -1.9, -2.15).  Second, bipolar memory uses too much power, so a bipolar-CMOS conversion must be done between the bipolar tree inputs and the CMOS memory.  This is normally accomplished with a CMOS to CML buffer (Figure 6a).  A buffer can be matched with multiple memory planes through a multiplexer to provide a switchable states for use in programming.
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Figure 6.  Configuration Data Storage

The general idea is simple: use CMOS at the lower levels of the tree for routing and where switching speed is not critical; use bipolar at the top of the tree where rapid switching performance is desired (Figure 6b).  The advantages of this approach is that there is no need for level 2 or 3 conversions and CMOS signal levels can be run directly into the tree. With the integration of CMOS directly into the current tree as shown in Figure 6b, the CML buffer is not required and signals directly from memory can be used for multiplexer selects [17].

How much does the insertion of CMOS into a bipolar current tree slow the circuit down?  Though the CMOS transistor is not switching, it does have an effect on the lowest voltage output.  In Figure 7, the comparison curves between CMOS/Bipolar and Bipolar tree output shows that the rising output levels are identical, but there is a 2-3% slowdown for the falling output levels.  The difference is not apparent unless individual pulses (50-100ps) are displayed at magnified scale.  This can be explained by the rising levels trying to get to Vcc through the resistors, while the falling levels try to reach Vee by going through the CMOS transistor.  The higher capacitance of the CMOS transistor does have a minor effect.  A slight slowdown is a small price to pay for less power consumption and the ability to directly interface with the CMOS memory without conversion circuitry.
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Figure 7.  CMOS/Bipolar and Bipolar Current Tree Outputs

V. Switchable Widlar Current Mirror

Since it is rare to have more that 50% of an FPGA’s resources used at one time, an easy way needed to be found to turn off unused parts of a CLB, otherwise power would be consumed with no computational gain. By placing a large NFET in a Widlar bipolar current mirror, the NFET can act as a switch that turns the mirror on and off (Figure 8).  The graph in Figure 8a represents the level 1 output (0 to –250mV) of a current tree being turned off.  It takes about 4 ½ ns for a current tree to turn off and only 0.2 ns for the  tree  to  turn  on.  The  current  flow  drops rapidly from 0.7 mA to  near 0 in the same  manner  as  the   voltage.    The slower turn off can be explained by the large NFET operating in saturation having to get rid of excess charge before fully turning off.

Current mirrors could be programmed from a bank of RAM, which on startup, could turn off all CLBs and then power-up only the required CLBs.  Since up to 10 current trees can be connected to one current mirror, a few bits would have control over a large number of current trees.
One problem that has to be looked at is what happens to inputs on active CLBs from inactive CLBs?  Figure 9 is a simulation of  a 2-input multiplexer with CMOS selects and a level 2 output.  The A input is connected to a switchable Widlar current mirror that is turned off and on.  When the tree is off, the Input A is 0V.
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Figure 8. Widlar Current Mirror with CMOS Switch


 The output centers at –1.07V because the differential inputs from Input A are both 0V.  2 ns later the Input A tree is turned on and then correct Input A pattern is output.  At 4 ns, Input B is selected for output and the output is not affected whether Input A is on or off.  We can safely conclude that in normal operation the beginning output would never be selected because we would not want an input from a turned-off part of the FPGA, but the Current Mode Logic would still function correctly if selected.  In addition, the simulation shows that turning off trees in other areas does not affect the selected output.  
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Figure 9.  Simulated Output of a Switchable Multiplexer

VI. Performance and Conclusion

A four stage ring oscillator was fabricated in the 7HP process.  The oscillator had a measured delay of 70.8 ps, for an operating frequency of 14.1 GHz.  A 3 CLB adder circuit was also fabricated, with a performance speed of 5.5 GHz (Figure 10) with routing multiplexers included.  
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Figure 10.  Carry Out from 3 CLB Adder

A new family of high-speed is now possible by combining the IBM 7HP process, current mode logic, and basing the design on the XC6200 architecture.  By replacing bipolar transistors with CMOS transistors in current mode logic trees, level conversion circuitry becomes unnecessary and permits rapid reprogramability.  Part of a FPGA can be turned off using a switchable current mirror, thus conserving power.  A performance improvement of 20 times can be realized over the current family of FPGAs.
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