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ABSTRACT 

 

The Field Programmable Gate Array (FPGA) is a configurable circuit consisting of logic 

blocks surrounded by a programmable routing structure. The routing cells and logic cells 

are programmed by memories whose data is provided by the configuration file of the 

CAD software to perform the desired functions. Currently, the versatility of the FPGA 

has made them useful for networking applications, such as network routers, however the 

relatively low operating frequency of current commercial FPGAs limits their use in high 

frequency applications.  

As high-speed systems are becoming more mature, the need for high speed 

reconfigurable systems is more urgent. But the operating frequency of the current 

commercial FPGAs has not increased as fast as the operating frequency of current 

ASICs. One of the main reasons is that FPGAs utilize switches to route signals to their 

neighbor circuits. The routing switches introduce more delay to the FPGA, thus reducing 

the overall performance. 

In order to improve the performance of an FPGA, many methods have been 

proposed. In the SiGe FPGA project, Silicon Germanium (SiGe) Heterojunction Bipolar 

Transistor (HBT) and Current Mode Logic (CML) are used to enhance the overall speed 

of the Basic Cell (BC) of the FPGA to compensate the performance reduction caused by 

interconnect wires and routing switches. At year of 2000, the first SiGe FPGA was 

designed by Dr. Bryan Goda. It runs at 5 GHz with relatively larger power consumption 

due to the constant current flowing through the CML logic. To alleviate the power 

consumption problem, several methods were developed. The new designed Basic Cell 

(BCII) has its power reduced by 97.4% (Maximum) and its operating frequency has been 

increased up to 12 GHz designed with the IBM SiGe 7HP kit. 

 To demonstrate its functionality, several chips designed with IBM SiGe 7HP and 

8HP kits have been fabricated. A 4 channel multiplexer (4:1 MUX) and demultiplexer 

(1:4 DEMUX) were implemented in a small SiGe FPGA. Measured results showed its 

operating frequency can reach 12 GHz which is about 50 times faster than the same 

implementation of the Xilinx Virtex FPGA. Regarding its power consumption, it is 

about 2.5 times larger than the Xilinx’s. 



 

 xvii

Two large scale SiGe FPGAs have been done which contains a 20 x 20 Basic Cell 

array and a 16 x 16 Basic Cell array. The design methodology of power rail, clock 

distribution and Voltage Control Oscillator (VCO) are included. Test plan and 

applications are included as well. 
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1. Introduction 

Digital circuit design has evolved a lot in the past few decades. There has been an 

exponential growth in the number of transistors per integrated circuit following Moore’s 

law. This law predicts that this trend will continue, as shown in Figure 1 [1.1]. 

Worldwide semiconductor revenue from the year of 1968 to 2000 is shown in Figure 2 

[1.2]. During this period, revenue has grown 100 times. Though the blossoming 

semiconductor market shows an optimistic future, the duration of a new product has 

been shortened which leads to the need for configurable circuits for prototyping tasks. 

  

Figure 1 World semiconductor development trend (INTEL processors) 

  

The first Field-Programmable Gate Array (FPGA) was introduced in 1986 by Xilinx 

Inc. of San Jose, CA, using a memory-based programming technology. After their 

introduction, different technologies have been proposed for the configurable systems. 

They can be classified into three categories: antifuse, erasable SRAM, and EEPROM. 

The technologies and related information are listed in Table 1 and Table 2 [1.3]. Each  
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Figure 2 World semiconductor revenues 

Table 1 Programmable ASIC technologies [1.3] 

 Actel Xilinx LCA Altera EPLD Xilinx EPLD 
Programming 
Technology 

Poly-
diffusion 
antifuse 

Erasable 
SRAM 

UV-erasable 
EPROM, 
EEPROM 

UV-erasable 
EPROM 

Size of 
programming 
element 

Small but 
requires 
contacts to 
metal 

Two inverters 
plus pass and 
switch 
devices. 
Largest 

One n-channel 
EPROM 
device. 
Medium 

One n-channel 
EPROM device. 
Medium 

Process Special 
CMOS 
process 

Standard 
CMOS 

Standard 
EPROM and 
EEPROM 

Standard 
EPROM 

Programming 
Method 

Special 
hardware 

PC card, 
PROM, or 
serial port 

ISP or 
EPROM 
programmer 

EPROM 
programmer 

 

technology has its own advantages. For example, the antifuse technology has a smaller 

area for the programming element. However, it can be programmed only one time. It 

also requires a special program which activates the antifuse to connect the wires. The 

Erasable-SRAM technology does not require special hardware to program the chip, but it 
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Table 2 Programmable ASIC technologies 

 QuickLogic Crosspoint Atmel Altera FLEX 
Programming 
Technology 

Metal-metal 
antifuse 

Metal-
polysilicon 
antifuse 

Erasable SRAM.  Erasable 
SRAM 

Size of 
programming 
element 

Smallest Small Two inverters 
plus pass and 
switch devices. 
Largest 

One n-channel 
EPROM 
device. 
Medium 

Process Special 
CMOS 
process 

Special CMOS 
process plus 
antifuse 

Standard CMOS Standard 
CMOS 

Programming 
Method 

Special 
hardware 

Special 
hardware 

PC card, PROM, 
or serial port 

PC card, 
PROM, or 
serial port 

  

has the largest area for the programming elements. Though the original intention of 

FPGA development was prototyping digital systems; system designers have used their 

imagination to broaden the applications. Now FPGAs are widely used in many 

applications such as networking, Digital Signal Processing (DSP) etc.   

 As high-speed systems are becoming more mature, the need for high speed 

reconfigurable systems is more urgent. However, the operating frequency of the current 

FPGA has not increased in the way it has for current ASICs. One of the main reasons is 

that FPGAs utilize switches to route signals to their neighbor circuits. The routing 

switches introduce more delay to the FPGA, thus reducing the overall performance. In 

order to improve the speed of the FPGA, many methods have been proposed. Some try 

to improve the efficiency of the signal transmission by using “fast” lines, which jump the 

logic block outputs to different blocks in different corners. Some methods use 3-D 

process technologies to have logic blocks closer thus reducing the number of routing 

switches as well as the interconnection delay.  

In the FPGA project, Current Mode Logic (CML) is used to enhance the overall 

performance of the building cells in the FPGA to compensate for the performance 

reduction caused by interconnect wires. However, CML has constant current flowing 

through the logic, which greatly increases the power consumption. Comparatively 

CMOS FPGA logic consumes power only when the transistor output changes. Therefore, 
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the power consumption problem has to be solved in order to have a large scale CML 

FPGA. 

 Chapter 2 briefly describes the history of developing the SiGe FPGAs. In Chapter 

3, the SiGe HBT process, CML and FPGA structure are first addressed to provide a 

fundamental understanding on how the high frequency operations are achieved and the 

power consumption they required. Chapter 4 shows the Multi-Speed (power saving 

mode) CML logic. In Chapter 5, the redesigned configurable block (Basic Cell in 

XC6200) which has fewer current trees and a dynamic shut down strategy, is then 

described. The redesigned configurable block provides more functions reduced the 

number of configurable cells to implement an application. Chapter 6 includes the other 

Basic Cell (BCIII) structure providing one bit full-adder function to reduce more power 

while the Basic Cell is used to arithmetic or Digital Signal Processing (DSP) operations. 

Chapter 7 demonstrates the design of a large scale SiGe FPGA which contains 20 x 

20 Basic Cell array. Its detail power rail, clock tree and Voltage Control Oscillator 

(VCO) designs are included. In Chapter 8, an application, multiplexer- demultiplexer 

(MUX-DEMUX) is implemented by smaller SiGe FPGAs. Chapter 9 provides the detail 

debug procedures to the 20 x 20 SiGe FPGA and the corrected large scale SiGe FPGA. 

Last chapter mentions some of the potential applications. 
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2. Research History 

As the circuit operating frequency increases towards the GHz range, the need for a high 

speed configurable function increase. However, interconnect switches between 

configurable cells limit the operating frequency of most commercial FPGAs. There are 

no commercial FPGAs with operating frequency running to gigahertz (GHz) range. 

Xilinx has proposed in their Virtex FPGA an operating frequency only as high as 600 

MHz. Even that frequency is limited to the Input Output Block (IOB).  

In 2000, Dr. Bryan Goda [2.1] proposed a new FPGA design that takes advantage of 

the high speed switching characteristics of the Silicon Germanium (SiGe) 

Heterojunction Bipolar Transistor (HBT) and the low output swing voltage of Current 

Mode Logic (CML) designs to enhance the performance of the FPGA into the GHz 

range [2.2]. The propagation delay of the reconfigurable cell has been greatly reduced 

compared to the CMOS competitors. However, the power consumption of CML is too 

large since current flows constantly in a logic tree. The overall power consumption and 

the number of the CML cells in the FPGA limit the FPGA from scaling up.  

There are methods to alleviate the expected problems from the large power 

consumption. The first is to reduce the current flowing in the CML to reduce its static 

power consumption. Another is to reduce the logic elements used in a configurable cell 

by merging their functions together. Lastly, unused circuits can be powered down. 

The author started to work on the FPGA project at the end of year 2000 and was 

assigned to design the SiGe configurable cell and reduce its power. This goal led to two 

different test structures. The first one is a power saving mode logic architecture 

mentioned in Chapter 4. The power saving mode circuit was designed in 2001 and its 

fabricated chip was received in 2002. The second structure was designed to reduce the 

number of current trees in a configurable cell by merging logic blocks together. This 

structure is currently being used in the large scale FPGA to replace the previous version 

of circuitry.  

After successfully measuring the logic functions and speed of both designs, 

applications have developed to demonstrate that the configurable cell can be 

implemented to perform GHz operations. Figure 3 shows the roadmap of the FPGA 

project from 2000~2005. 
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Figure 3 Roadmap of the FPGA project (2000~2005) 
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3. Silicon Germanium (SiGe) Process 

As the CMOS process develops, the size shrinks thus increasing the number of 

transistors in integrated circuits. This shrinking process has become a bottleneck in 

achieving higher performance especially when the oxide thickness becomes small on the 

order of only a few atomic layers thick. In order to continuously improve a transistor’s 

performance, strained silicon can be used to compensate the increasing carrier mobility.  

In 1948, the idea of doping Germanium (Ge) in Silicon (Si) had been proposed. 

After adopting the SiGe hetero-structure, IBM discovered the cost structure and 

economies of scale were similar to that of Si wafer processing. However, SiGe 

processing is more complex. In 1996, the first commercial SiGe process was released. 

This process has revealed that pulling Si crystals apart or straining the Si enables 

electrons to move through the transistor much faster. With newer generations of SiGe 

process, its high-frequency performance caught up with the III-V process performances.  

In this chapter, the details of the SiGe processes are discussed. 

3.1 Fundamentals of Heterojunction Bipolar Transistor (HBT) 

The idea of the Heterojunction Bipolar Transistor (HBT) was first proposed by 

Schockley (1951) and later developed by Kroemer (1982). In a Bipolar Junction 

Transistor (BJT), the common emitter current gain β is limited by the emitter injection 

efficiency. Eq-3.1 [3.1] shows the equation of the emitter current gain.   
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Ic and Ib are the collector current and base current respectively, βmax is the maximum 

value of the common-emitter current gain, Nde and Nab are the donor concentration in the 

emitter region and acceptor concentration in the base region, respectively, and vnb and vpe 

are effective velocities of electrons in the base and holes in the emitter, respectively, 

which include contributions from both carrier diffusion and drift. From this equation, the 

exponential factor which results from band gap narrowing in the highly doped emitter 

region, contributes to a reduction of the gain. 
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In an HBT, the emitter region has a wider band gap than the base. The band gap of 

Ge (~0.66 eV) is significantly smaller than that of Si (~1.2 eV). By introducing Ge into 

the base region of a Si bipolar transistor, the band gap of the base region, and hence the 

accompanied device characteristics, can be modified.  

 

Figure 4 Schematic of the band diagram of the Si (solid line) and the SiGe (dotted 

line) [3.1]. 

To design the Ge profile, it is desirable to have the largest concentration of Ge near 

the base-collector junction and the smallest near the emitter-base junction.  Thus, the 

base band gap is smallest near the base-collector junction and largest near the emitter-

base junction, and the drift field for electrons can be increased in the base region to 

reduce the electron transient time. Fig 3.1 shows the band diagram of a SiGe transistor 

(dotted line) and compared with the Si-base transistors (solid line). It can be observed 

that the base band gaps of the two transistors near the emitter are about the same. But the 

base band gap of the SiGe base transistor narrows gradually towards the base-collector 

junction. By neglecting both base-collector junction avalanche effect and recombination 

in the base layer, the base current and collector current in an n-p-n transistor is expressed 

by Eq-3.2.  
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It is worth noting that the base current is a function of the emitter-region parameters 

and is independent of the properties of the base region. Thus, the base current density 

changes with the emitter structure. Only the collector current which is related to the base 

parameters is affected by the Ge profile in the base region (Eq-3.3). Comparisons 

between SiGe base transistors and the transistors can be expressed by the following 

equations [3.1].  

1. Effect of base-band gap grading on collector current and current gain.   
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The readily achievable total base band gap narrowing is in the range of 100-150 

meV, which means a SiGe base transistor typically has a collector current and current 

gain that are 4-6 times those of Si-base transistor.  

2. Effect of linearly graded base band gap on base transit time. 

 The graded base band gap introduces an electric field which helps to drive the 

electrons across the base layer. For a total base band gap narrowing of 100 meV, the 

low-current base transit time of a SiGe-base transistor is about 2.5 times smaller than 

that of a Si-base transistor with the same base doping profile. 

3. Effect of linearly graded base band gap on emitter delay time.  

 The components of the transit time are the base transit time, tB, and the emitter 

delay time, tE, are two of the components. Since tE is inversely proportional to the 

current gain, with a significantly larger current gain a SiGe-base transistor has a much 

smaller emitter delay time than a Si-base transistor.  

Figure 5 shows the comparison of the cutoff frequency as a function of bias current 

for a SiGe HBT and Si BJT. It can be observed that the cutoff frequency of the SiGe 

HBT is about 1.7 times higher than the Si BJT. Figure 6 shows the average delay of 



 

 10

Emitter Coupled Logic (ECL) ring oscillators of the SiGe HBT and Si BJT. The SiGe 

ECL ring oscillator has a smaller gate delay compared to the Si BJT.  The performance 

of the SiGe HBT has been proved to be much better than SiGe BJT. The compatibility of 

the SiGe process with the conventional Si process also makes it a good candidate for 

future high speed applications.  

 

Figure 5 Comparison of the cutoff frequency as a function of bias current for a 

SiGe HBT and a Si BJT [3.1.1]. 

 

Figure 6 Comparison of the gate delay of an unloaded ECL ring oscillator as a 

function of bias function for a SiGe HBT and a Si BJT of comparable doping 

profile [3.1]. 
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Figure 7 Schematic of the SiGe HBT [3.2]. 

     

Figure 8 Photograph of a SiGe HBT device [3.3] 

The schematic of the SiGe HBT is show on Figure 7. The red block indicates the 

SiGe strained layer. On the edges of the HBT, the deep trench is used to increase the 

parasitic resistive path to its neighbor cells and to isolate the transistor to reduce its 

noise. Figure 8 shows a photo of a SiGe HBT. 
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3.2 IBM SiGe Process 

The IBM SiGe BiCMOS process has evolved over several generations, in which the 

minimum feature size HBTs cutoff frequency reaches 120 GHz (0.18 µm process) and is 

still increasing; a 210 GHz process (0.13 µm) has just been released. Figure 9 shows the 

cutoff frequency of the 0.5, 0.18 and 0.13 µm processes [3.4]. It has been reported that 

the cutoff frequency of the next generation IBM SiGe process will approach 300 GHz 

[3.5]. The excellent high frequency performance of the 120 GHz devices has been 

demonstrated [3.6]. With its outstanding high frequency characteristics, digital circuits 

can be created to operate up to 40 GHz. The 0.5 µm (43 GHz) process was the one used 

to fabricate the first generation Configurable Logic Block (CLB) [2.1]. The 120 GHz 

process was used for most of the subsequent designs. 
Figure 9 depicts the collector current in logarithmic scale versus the operating speed 

(fT) of the device. If the IC is decreased by half, the fT of the HBT decreases by a much 

smaller percentage. For example, in the IBM SiGe 0.18 µm generation, the collector 

current is 1.1 mA at its maximum frequency (124 GHz). Half of the current yields a 

cutoff frequency of 80 GHz which is still fast enough for the FPGA configurable cell. 

This advantage can be used to create a circuit with lower power consumption while 

experiencing little performance degradation [3.4]. 

  

 

Figure 9 Cutoff frequencies of several SiGe Technologies 
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Fundamentally, the strained SiGe layer reduces the band gap of the base, emitter 

charge storage and base transit time while increasing the emitter injection efficiency. 

Thus, compared to the Si-BJT, the graded Ge profile in the SiGe HBT increases fT 

without degrading breakdown voltage (BVCEO).  Graded SiGe base transistors have the 

added advantage of higher Early Voltage (VA) along with higher fT and BVCEO. The drift 

field from the graded Ge profile provides additional driving force for carrier transport 

across the neutral base. An additional advantage of SiGe HBTs is that the base is formed 

by epitaxy. The base doping can be made higher. This limits the depletion length into the 

base at the base-collector junction, decreasing the modulation of the bandwidth. Thus, 

the Early voltage is not degraded by high collector doping for a graded SiGe base 

compared to a homojunction device [3.7], [3.8]. The HBT characteristics of a 0.5 µm 

(5HP), a 0.25 µm and a 0.18 µm generations are summarized in Table 3 [3.9]. It is found 

that the higher frequency operation of an HBT implies lower breakdown voltage.  

Table 3 HBT comparison for 0.5 µm, 0.25 µm, and 0.18 µm generations. 

 

Higher fTs are being required by circuit designers to satisfy the ever-expanding 

demand for bandwidth. A conservative rule of thumb [3.10] is that, for digital parts, the 

technology must be capable of supporting flip-flops that run at twice the bit rate. For 

example, the synchronous data transmission on optical media provides some of the 

highest speed requirements. Currently the highest network standard is OC-192 or 
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approximately 10 Gbps networks. Since the best flip-flop performance possible is 

approximately one half fT, so that an fT of four times the bit rate, or 160 GHz for a 40 

Gbps SONET applications can be obtained. While designing a circuit, a designer should 

consider fT, fMAX, and other characteristics. 

 

3.3 Current Mode Logic (CML) 

CML is the second generation of Emitter Coupled Logic (ECL). Like ECL, it is a 

differential logic design methodology that focuses on steering currents instead of 

switching them. It has many similarities to ECL designs, such as preventing the 

transistor from saturating and wide use of emitter coupled differential pairs. The benefits 

of utilizing the fully differential logic are: relative immunity to noise (especially power 

and ground noises) and simplification of logic. Through the use of differential signals an 

inversion can be realized by simply switching wire polarity without incurring any delay.  

Beside the advantages that stem from the differential pair configuration, CML also 

has the advantage of not requiring emitter followers at the gate outputs and it can be 

biased at lower current levels without significantly degrading its speed. Overall, less  

 

Figure 10 Max. Switching frequency versus power consumption of CML and ECL 

logic 
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power is consumed with CML than ECL since CML normally runs at the currents 

around 0.1 ~ 1 mA compared to ECL’s 1 ~ 10 mA [3.11].  The performance of CML is 

compared to ECL and shown in Figure 10 [3.12]. From this figure, it can be found that 

when the switching frequency is set to 40 GHz, the power consumption of the CML is 

about half of ECL.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 11 shows a CML buffer. A reference current (Iref) is provided at the bottom 

of the current tree. By properly steering the current flow through the switching 

transistors (Q1 and Q1b) and the collector resistors; the desired output voltage is 

achieved. IC1 and IC1b can be calculated by Eq-3.6 to Eq-3.9 listed in Table 4. The 

collector current of a forward bias device as a function of VBE is approximated as Eq-

3.6. Using this equation, it is possible to divide the collector current of the first device by 

that of the second in order to understand the ratio of the collector currents in a 

differential emitter couple pair by Eq-3.7. If the current is flowing through the emitter 

couple pair to the current switch on the bottom, it can be expressed by Eq-3.8. From Eq-

3.7 and Eq-3.8, IC1 and IC1b can be described by Eq-3.9 and plotted in Figure 12 for 
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different ß (the ratio of the base current to collector current) [3.13]. In this equation, 

when Vid equals zero, the current is evenly divided between IC1 and IC1b. Since there is 

always constant current flowing in the CML, the static power consumption (Eq-3.10) of  

 

Figure 12 Transfer characteristics of the CML buffer at different values of β 

the CML is the total power consumption. The value of the input differential voltage that 

fully switches the current to one side is about 200 mV. Therefore, most CML circuits 

operate at an input and output voltage differential larger than 200 mV. The CML used in 

this design has three different voltage levels to provide proper input signals. The ranges 

of those levels are Level 1: 0 ~ -0.25 V, Level 2: -0.95 V ~ -1.2 V and Level 3: -1.9 V ~ 

-2.15 V. 

Table 5 Performance of the SiGe CML 

Circuit type CML buffer CML 

AND, OR, XOR 

CML 

MUX 

Configurable 

Logic Block 

Propagation 

delay 

17 ps 22 ps ~ 25 ps 23 ps ~ 26 ps 100 ps 

Current used 0.7 mA 0.8 mA 0.8 mA 2.4 mA 

Power used 3.15 mW 3.6 mW 3.6 mW 10.8 mW 

All the above results are based on IBM SiGe 5HP process [2.2]. 
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The equation for calculating the voltage of input levels is listed in Eq-3.10. Figure 

13 shows the CML D-FF which has the D (D-b) connecting to level 1 inputs and the 

CLK (CLK-b) connecting to the level 2 inputs. The performance and power 

consumption of CML logic family are summarized in Table 5. Based on this table, one 

can observe that the propagation delay of the CML family is much smaller than CMOS 

circuits. Figure 14 shows the propagation delay of a CML buffer with the emitter size of 

0.2 x 0.64 µm2 versus the biasing current (Ic in mA). It can be observed  

 

 

 

 

 

 

 

 

 

 

Figure 13 CML D-latch configuration with two input levels 

 

Figure 14 Propagation delay of the CML buffer with the emitter size of 0.2 x 0.64 

µm. 
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when the bias current is increased, the propagation delay is reduced. When the biasing 

current reaches to 0.5~0.6 mA, the curve reaches the saturation region and the 

propagation delay does not significantly change if the reference current increases.  The 

curve can be approximated with piecewise lines with a slope of -25 ps/mA in the first 

section and a slope of -4 ps/mA in the second section. The relationship between biasing 

current (Ic) and propagation delay is applied to the FPGA applications and described in 

the later chapters.  

From the above paragraphs, in summary, the speed of a device can be traded off for 

reduced power consumption in a logic tree. The biasing current is set to 1 mA in most 

cases described in this thesis. Those results also show that if the current is reduced by 

half, for example to 0.5 mA, the power consumption can reduced by half with the 

propagation delay increased by 2 ps. This design idea imitates the Power Saving Mode 

CML circuit described later.  

 

3.4 Xilinx 6200 Field Programmable Logic Array (FPGA) 

An Field Programmable Gate Array (FPGA) is a configurable circuit consisting of logic 

blocks surrounded by a programmable routing structure. The structure is shown in 

Figure 15. The input signals (A, B and C) are routed through the Input/ Output (I/O) 

cells on three different sides to the routing cells, and then passed to the configurable  

 

 

 

 

 

 

 

 

 

 

Figure 15 Structure of an FPGA. 
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cells. The routing cells and logic cells are programmed by a memory (Static Random 

Access Memory, SRAM) whose data is provided by the configuration file generated 

from the CAD software to perform the desired functions. Currently, the versatility of the 

FPGAs has made them useful for networking applications, such as network routers, 

however the relatively low operating frequency of current commercial FPGAs limits 

their use in high frequency applications. The Xilinx 6200 FPGA was selected as the 

blueprint of the high speed FPGA design because of its open source structure and the 

availability of its programming software. Other structures can be implemented as the 

tools and related information becomes available. 

 

3.5 Xilinx 6200 family 

The Xilinx 6200 family (XC6200) was developed around 1980 [3.14]. These FPGAs are 

designed to operate in close cooperation with a microprocessor or microcontroller to 

provide an implementation of functions normally placed onto an Application Specific 

Integrated Circuit (ASIC) The XC6200 can provide high gate counts for data path or 

regular array type designs. Table 6 shows the number of the cells, registers and Input 

Output Blocks (IOBs) of the FPGAs in the XC6200 family. 

Table 6 XC6200 family 

 
 

The XC6200 has a large array of simple configurable cells called basic cells to 

implement different sets of logic functions. The XC6200 uses a simple, symmetrical, 

hierarchical and regular architecture that allows novice users to quickly make efficient 



 

 20

use of the resources available. To achieve higher performance, it is specially designed 

for the high speed applications by using a simpler logic structure.  

 

3.6 Structure of the Configurable cell 

Figure 16 shows the basic cell of the XC6200 [3.14]. The inputs (N, S, E and W) from 

the neighboring cells and those from the 4 x 4 array cells (N4, S4, E4 and W4) are 

routed to the function unit. The Multiplexers (MUXs) within the cell are controlled by 

the configuration memory. The output of the basic cell is routed to its neighbors by the 

output routing multiplexers which also provide the redirection function to route the 

inputs of the function unit to neighbors. With the redirection functions, the basic cell can 

offer more flexible routing resources.  

Figure 17 shows the schematic of the function unit. Programming the three MUXs 

determines the combinational logic operation of this function unit. The RP multiplexer 

selects the output of the first three MUXs or the sequential logic output from the D-FF 

and redirects the signal to the D-FF. The CS multiplexer is programmed to pick either 

the combinational or sequential logic outputs to be the function unit’s output (F). The 

connection between a Basic Cell and its neighbors is shown in Figure 18. 

 

Figure 16 Schematic of the XC6200 Basic Cell [3.14] 
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Figure 17 Schematic of the Function Unit in the XC6200 Basic Cell [3.14] 

Since most of the delay is caused by the routing wires, the FastLANEsTM is 

designed to “jump” the signals directly to neighboring 4 x 4 cells (Length 4 

FastLANEsTM). The Length 4 FastLANEs are shown in Figure 3.16 and the Length 16 

FastLANEsTM is shown in Figure 3.17. By using these wires, the propagation delay of a 

signal transmitted can be smaller than those passed by the Basic Cell’s redirection output 

MUXs. Thus, the FPGA can operate at a higher frequency.   

 

Figure 18 Connections between neighboring Basic Cells [3.14]. 

 



 

 22

 

Figure 19 4x4 cell block and Length 4 FastLANEs. 

  

Figure 20 Connections between 4x4 blocks (16x16 block). 
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3.7 Difficulties of designing a CML high speed FPGA   

The power consumption of the first SiGe CLB was about 10.8 mW [2.2], which is larger 

than its CMOS competitors. To realize a large scale CML FPGA, some power-saving 

strategies have to be applied. Four methods are provided to solve the power consumption 

problem. 

1. The first method is to reduce the reference current in the tree to decrease the static 

power consumption by sacrificing the speed of the transistors. From Figure 10, the cutoff 

frequency (120 GHz) of the 0.18 µm process has a maximum value when reference 

current equals to 1.1 mA. If the current is reduced by half, 0.5 mA, the cutoff frequency 

of the SiGe HBT only drops to 80 GHz which is a 35% reduction. This implies that by 

compromising bandwidth of an HBT, the current can be reduced to lower the power 

consumption of CML circuits.  

2. Second, the power supply voltage can be reduced to further decrease the static 

power consumption. Based on Eq-3.10 in Table 4, if the power supply can be reduced by 

half, the total power consumption can be decreased by half. 

3. Third, by combining the logic in a circuit, the number of the CML trees can also 

be decreased too.  

4. Lastly, turning off unused circuits and combining some logic blocks in the Basic 

Cell can further lower the power consumption. 

 

The first strategy leads to future larger scale FPGAs. The second, third and last 

strategies lead to a modified CLB design. Both designs improvements are described in 

the following chapters. 
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4. Multi-Speed (power saving) CML 

Though CML has many advantages over other logic circuits, the significant power 

consumption has brought a serious problem to large scale circuits. Since the static power 

consumption dominates the total power consumption, if the reference current (Iref) can be 

reduced or adjusted, the static power consumption can be lowered or varied. But this 

requires a trade-off between the speed and power of a circuit. With a variable reference 

current, a CML gate can be adjusted from a high-speed (with higher power) to lower 

speed (with more power saving). 

 

4.1 Power saving CML I 

Based on the power saving ideas proposed in the previous chapter, the first version of a 

power saving circuit (power saving CML I) has been designed. Figure 21 shows a CML 

circuit with two different power settings. The current paths are provided with the 

different resistors R1-R1b and R2-R2b, which give this circuit the same output voltage 

swing when the Iref changed. 

 

 

 

 

 

 

 

 

Two additional switches (S1 and S2) are added to stop the IREF flowing to the 

unwanted path. For example, if the current is set to flow through the R1-R1b path, S2 has 

to be opened to prevent the separated current to flow through the R2-R2b path. By 

adopting this configuration, the power consumption can be adjusted by setting the IREF. 

Vcc 

S1 S2

Emitter coupled 

logic gates

Out 
Out_b 

Figure 21 Power saving circuit I 

R1 R1b R2 R2b 
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The drawback of this configuration is after adding two load trees with diodes and 

switches; the power supply voltage is increased by additional diode voltage level (VBE) 

and switch voltage drop (Vswitch). The voltage headroom is reduced. It can be shown by 

   ECLGRxdiodeSWITCHEECC VVVVVV +++=−            Eq-4.1 

Eq-4.1 where VRx and VECLG are the voltage drop of the resistors (R1, R1b, R2 and R2b) 

and the emitter coupled logic gates. Since diodes and switches are added in the trees, the 

output voltage has the additional diode and switch voltage drop, which limits the 

minimum power supply voltage of the power saving circuit. For the power saving circuit 

case, the power supply voltage can be expressed by modifying Eq-4.1 as shown in Eq-

4.2.  

   REFBEDiodeSWITCHEECC VVVVVV +++=− 2             Eq-4.2 

4.2 Power saving CML II 

Another version has been developed to reduce the “height” of the power supply by 

discarding the switches. Figure 22 shows the new version Multi-Speed CML (MS-CML) 

with N Multi-Speed Load Modules (MS-LMs). A pair of diodes and resistors that 

replaces the resistor load of CML logic and allow multiple reference currents to be used 

while maintaining a consistent voltage drop. If Von-1 is high and Von-2 ~Von-N are low, the 

current flows through Von-1, D1-1, (or D2-1) and R1 to the lowest voltage node. To prevent 

the current from flowing to other modules, the diodes are added. There are N MS-LM 

modules in the MS-CML buffer and a variable current source (I ref) to provide different 

reference currents to different modules. The Voltage amount of the power supply 

determines how many MS-LM modules can be used. The output voltage should be kept 

at least 200 mV to ensure a full switch of current from one side of the tree to the other. 

Vout can be calculated in the equations below (Eq-4.3).  

To test this idea, the Multi-Speed CML buffer is designed to have two modes. One 

is the high speed mode to keep the transistors in the MS-CML buffer running at the  
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Figure 22 MS-CML buffer with N speed modules 

Von-1 = High; others = Low: 11)1( −=− ×=± RIVout highVonref  

 

Von-2 = High; others = Low: )( 2111)2( −−=− +×=± RRIVout highVonref  

 

Von-N = High; others= Low: )( 12111)( NhighNVonref RRRIVout −−−=− +⋅⋅⋅++×=±         Eq-4.3 

maximum speed. The other is the economic power saving mode which has the IREF set at 

a half of IREF applied in the high speed mode. Thus, the economic power mode of the 

MS-CML buffer would save half of the power compared to the high speed mode case. 

 

4.3 Performance of the Multi-Speed CML (MS-CML) 

To verify the performance of the multiple-speed CML, the test structure shown in Figure 

24 is built. Its test pattern is generated by a clock with a period of 2 ns and passed 

through a 3-stage buffer first to emulate real signal waveforms and then goes to the test 

circuit with each output loaded with a buffer. In this test circuit, there are three parts; a 

CML buffer and two MS- CML buffers. They are programmed for high speed high 

power consumption mode and low speed power saving mode. 
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Figure 23 Power saving buffer (Left) and power saving 2 to 1 multiplexer (Right) 

 

 
 
 
 
 
 
 
 
 

Figure 24 Buffer test circuit for comparing the performance of buffers 

Figure 25 shows the simulation result of the test circuit based on the IBM SiGe BiCMOS 

7HP technology. The propagation delay of the conventional CML buffer and high-speed 

mode MS-CML buffer are 7.5 ps and 7.7 ps. This demonstrates that TP doesn’t degrade 

too much after adding two multi-speed load modules (in high speed mode). The 

propagation delay of the power saving mode MS-CML buffer is 10.2 ps. 
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Figure 25 Simulation of the buffer test circuit.  (From top to bottom: economic 

power mode and high speed mode MS-buffers, CML buffer and input signal 

 

4.4 Test structure I: Ring oscillator 

A method to find out how fast the power saving mode circuits can run is to connect 

several buffers with multiple-speed load module to be a ring oscillator. The ring 

oscillator consists of 10 single stage MS-CML buffers. Due to the differential nature of 

CML, an odd number of buffers is not required. Three ring oscillators (CML buffers, 

high speed and economic power mode MS-buffers) are simulated. The layout and 

simulation results of the MS-CML buffer ring oscillator are shown in Figure 26 and 

Figure 27. The CML, high-speed MS-CML, and power-savings MS-CML ring 

oscillators have the propagation delays of 150 ps (6.67 GHz), 154 ps (6.49 GHz) and 

204 ps (4.9 GHz) respectively. The simulation results are summarized in Table 7. 

Input  

CML buffer 

High speed mode buffer 

Economic power mode buffer 

2ns 
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Figure 26 Layouts of MS-buffer ring oscillator with economic power mode, high 

speed mode, and CML buffer ring oscillator 

 

 

`  

Figure 27 Simulated waveform of ring oscillators (From top to bottom: MS-buffer 

ring oscillator with economic power mode, high speed mode ring oscillator and 

CML buffer ring oscillator) 

 

4.5 Applications of the Multi-speed CML circuit to the FPGA 
 In the first gigahertz FPGA design [2.1] and [2.2], the power consumption was 

too large to scale up for larger arrays. Therefore, a new design has been developed using 

10-stage CML ring oscillator  

10-stage MS-CML ring oscillator  

Economic power mode MS-buffer

High speed mode MS-buffer

CML buffer 150ps

154ps

204ps
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the MS-CML methodology.  Depending on the clock frequency of a design, the new 

FPGA can be programmed to operate specifically in economic power mode to reduce the 

static power that is consumed. 

 

Table 7 Summary of the properties of the conventional CML buffer and the Multi-

Speed CML buffer. 

 

4.5.1 Configurable Logic Block (CLB) characteristics, logic validation 

and applications 

                                                                                         

 

 

 

 

 

 

 

 

 

Figure 28 CLB schematic for logic verification. 
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 Figure 28 shows the schematic of the Configurable Logic Block (CLB) of Xilinx 

6200. It is composed of five 2 to 1 multiplexers (2:1 MUXs) and one D-type flip-flop. 

To demonstrate if MS-CML circuits can be used to build the lower power FPGA, three 

CLBs, have been designed to test the combinational logic part of a CLB. CLB-1 is 

composed of the conventional CML and CLB-2 and CLB-3 are composed of the MS-

CML programmed for high-speed mode and power saving mode. Figure 29 shows the 

layout of the MS-CML CLB. 

 

Figure 29 Layout of a CLB for logic verification. 

 

Figure 30 Simulation result for the AND logic. (From the top to bottom: CLB-3 

output, CLB-2 output, CLB-1 output, input B and input A) 

 

Input A 

Input B 

CLB-1 

CLB-2 

CLB-3 

MUX1 

MUX 4

MUX2 

 

MUX3 

VSlow 

VFast 

Vee 

Emitter 

F ll



 

 32

Figure 30 shows the CLB simulation results when they are programmed to perform 

AND logic. The propagation delay of the CLB-1 (CML, 17.79 ps) is smaller than CLB-2 

(high speed mode, 19.87 ps) and CLB-3 (economic power mode, 34.28 ps). The 

smoother rise time of the CLB-2 and CLB-3 can be observed in the same figure.  

 Another method to determine a circuit’s propagation delay is to connect identical 

circuits together in a ring structure. Each CLB (CLB-1, -2 and -3) is connected as a four 

stage ring oscillator to test its propagation delay. Figure 31 and 32 show the simulated 

waveforms of the CLB-2 and CLB-3 four stage ring oscillators.  The TP of the CLB-1 

ring oscillator is 162.61 ps (6.15 GHz). Each CLB-1 stage has a propagation delay of 

20.3 ps. The TP of the CLB-2 ring oscillator is 163.03 ps (6.13 GHz) and the TP of the 

CLB-3 ring oscillator is 293.4 ps (3.4 GHz). The propagation delay of each stage  

 

         
 

 

 

in CLB-2 and -3 are 20.4 ps and 36.7 ps. Figure 34 shows the schematic of a one-bit full 

adder that requires three logic gates to synthesize. Three CLBs are used to program two 

XOR gates and a 2:1 MUX. Three CLB adders are represented with CLB-1 implemented 

by the CML-CLB,  CLB-2, implemented by the PSM-CLB programmed to run in the 

high speed mode and CLB-3, implemented by the PSM-CLB programmed to run in the 

power saving mode.  The sum of the CLB-1, CLB-2 and CLB-3 adders are shown in 

Figure 33 with TP of 35.6 ps, 33.26 ps and 57.23 ps respectively. 

Figure 31 Simulated waveform of the 

ring oscillator composed of the CLB-2 

Figure 32 Simulated waveform of the 

ring oscillator composed of the CLB-3 

Out-+ (CLB-2 buffer output) 

Out+ (CLB-2) 

163ps 

Out-+ (CLB-3 buffer output) 

Out+ (CLB-3) 
293ps
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4.6 Power Consumption of CLBs  

 Since the reason to design multi-Speed CML is to reduce the overall power 

consumption of a CML FPGA, we have to discuss the power consumption of the multi-

speed CML. When the power supply and reference current are set to 3.5 V and 1 mA, 

the CML and MS-CML in high-speed mode consume 3.5 mW in each current tree. The 

MS-CML in economic power mode can save half of the power since there is only half of 

the reference current (0.5 mA) flowing in the tree. It reduces the power consumption to 

1.75 mW.  

 The power consumption of CLB-1 and CLB-2 are the same, 14 mW. However 

CLB-3 consumes 7 mW, which is half the power consumption of CLB-1 and CLB-2. 

The above CLB characteristics including TP, the frequency of the CLB-2 and CLB-3 

ring oscillators and the total power consumption are summarized in Table 8.  
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Figure 34 Schematic of a one-

bit full adder.

Figure 33 Simulation results of one-bit adders (From top 
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Table 8 Summary of the performance of the MS-CML-CLB. 

 CLB-1 CLB-2 CLB-3 

TP of the CLB 17.79 ps 19.87 ps 34.28 ps 

CLB-ring oscillator 

propagation delay 

24.61 ps [1] 163 ps 

(6.13 GHz) 

293.4 ps 

(3.4 GHz) 

Power consumption per 

CLB 

14 mW 14 mW 

Full power 

7 mW 

Half power 

TP of the one bit adder 35.6 ps 33.2 ps 57.2 ps 

 

              

                                                                                                  

 

4.5 Test chip measurements 

A test chip was fabricated to verify the simulated data. Figure 35 shows the layout of the 

test chip. It consists of three 10-stage ring oscillators (CML, MS-CML in high-speed 

mode and in economic power mode) to test the performance of both modes of the MS-

CML. For the CLB test, a 10-stage CML ring oscillator was used to generate the input 

signals for the CLB to validate the logic and simulated performance results. For the 

Ring 
oscillators 

CLBs 
(high speed and 
economic power mode) 

Divide by 
8 circuits

Ring 
oscillators 

Figure 36 Layout of the MS-CML test 

chip 

Divide by 
8 circuits

Figure 35 Micro photograph of the 

test chip with the CLB ring oscillator 

and CLB logic part. 

CLBs (high speed and 
economic power mode) 
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measurement, the output frequencies of the ring oscillators and CLB test part are divided 

by 8. The microphotograph of the test chip is shown in Figure 36. 

The measurement results of the ring oscillators in the test chip are shown. Figure 37 

and 38 are the CML ring oscillator and MS-CML ring oscillator trigger signals (with 

their outputs connect to a divid-by-8 circuit). For the CML ring oscillator, the measured 

period is about 960 ps (2.4 div x 400 ps/div). After calculating, the output frequency of 

the CML ring oscillator is around 120 ps. For the MS-CML ring oscillator, the measured 

result is about 400 ps (4 div x 100 ps/div). The period of the PSM ring oscillator without 

the divider logic is 100 ps. 

 

Figure 37  Output waveform of the 10 stage CML ring oscillator @3.70 Volt, 0.33A. 
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Figure 38 Output waveform of the 10 stage Power Saving Mode ring oscillator @ 

3.70 Volt, 0.33A. 

 

Based on the measured results, the following facts are found.  First, the frequency of 

the real circuit is faster than the simulation result. This would seem to be wrong. The 

reason is that the model of the bipolar device cannot precisely predict the actual one. The 

model that has been used for simulation is IBM model v. 1.1.1.0 which has the fTmax at 

1.4 mA. But this tapeout wafer used the latest IBM SiGe process. The latest model 

version for that is v. 1.2.2.0 which has fTmax at 1 mA. That means now the circuit runs at 

the highest frequency of the smallest size NPN device. 

Additionally, the period of the MS-CML is smaller than the CML. It is not 

completely right. In fact, the voltage swing of the CML ring oscillator in the simulation 

is about 300 mV and the PSM one is about 230 mV. Since the PSM one has less voltage 

swing, the time to finish a period is less.   
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4.6 Summary 

Though the PSM circuit has more loading than the conventional CML circuits, in this 

test circuit, the PSM circuit still shows a good switching behavior, approaching the 

conventional CML design. However, the complicated schematic and layout and not 

using the level one signal region (0 mV ~ 250 mV) are serious drawbacks.     

Multi-Speed CML has been developed as a method for conserving power through 

the use of selectable operating speeds for multiple power consumption levels.  For the 

FPGA, MS-CML provides a means for operating only critical portions of the IC at full 

speed (full power) while maintaining optimum speed. This provides a way to reduce the 

over all power consumption 
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5. New Basic Cell (BCII) implemented by power saving strategies 
(applying lower power supply and reference current) 

As described in the previous chapter, a reduction in the number of CML trees per Basic 

Cell results in lower power consumption for the entire design. Therefore, one of the 

goals is to simplify logic gates of the Basic Cell in the Xilinx 6200 FPGA. The Basic 

Cell block diagram shown in Figure 37 consists of input/output routing blocks and a 

Function Unit (FU). The input routing block is composed of three 8:1 multiplexers 

(MUXs) to route the outputs from the surrounding Basic Cells (coming from N, S, E, W) 

into the Function Unit. The RP MUX routes the combinational signal and the sequential 

signals into the D-FF. The CS MUX, which selects combinational or sequential logic, 

routes the chosen signals to the output routing block, consisting of four 4:1 MUXs. The 

output routing block then routes the signals to the neighboring Basic Cells. The Basic 

Cell schematic is redrawn and shown in Figure 37. 

 

 

 

 

 

 

 

 

 

 

 

5.1 New Basic Cell Structure 

5.1.1 Input routing block  

The redesigned input routing block combines the logic functions of the 8:1 MUX and 

4:1 MUX, shown in the gray blocks I and II of Figure 37 to a new MUX. In Figure 38, 

the new input routing block separates the signals by their incoming directions. All the 

input signals coming from the same direction (N, S, E and W) are connected to the same 

Figure 39 Redrawn 6200 Basic Cell. 
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4:1 MUX. For example, all signals originating east of a Basic Cell are connected to one 

4:1 MUX. The 8:1 MUX in the original design is broken down into four 4:1 MUXs from 

all directions, and the four 4:1 MUX outputs are combined with the output of the  

 

Figure 40 Redesigned input routing block. Label Ce indicates combinational logic 

(C) from the east. 

 

Figure 41 General form of the new MUX design. The new input routing stage has 

4:1 and 5:1 MUXs and the new output routing stage has 4:1 MUXs. 

D-FF in a second level 5:1 MUX. Advantages of this combination are reduction in 

circuit complexity and propagation delay while maintaining full compatibility with the 

original 6200 configuration bit streams. 
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The MUXs used in the input routing block have been redesigned as well. The 

general form of the new design circuit is shown in Figure 41. The differential input pair 

of transistors is connected to the drain of an NMOS switch. Only one pair can be 

selected in a MUX, so with the use of a decoder the desired differential input pair can be 

selected and the remaining pairs turned off to save power. The output-MUXs have the 

same configuration. 
 

5.1.2 Function Unit (FU) in the new Basic Cell  

In block III of Figure 37, the RP MUX was merged into the D-FF, thus further reducing 

the number of CML trees. Since another input level for the RP selection control is 

inserted into the D-FF, the CML tree will be taller. Reducing the height so that a smaller 

power supply can be used is crucial. The schematic of the new D-Flip Flop after merging 

with the RP MUX is shown in Figure 42 for Latch 1 and Figure 43 for Latch 2. There 

are methods [5.1.1] [5.1.2] for designing low power CML digital circuits whose power 

supply can be reduced to 2.0 V. 

The main concepts of designing the new MUX focus on how to properly steer the 

current into independent current trees. By adding a switch to the Vref transistor in the 

CML tree, the entire tree can be turned off. In Figure 42 showing the Latch 1 design of 

the new D-FF, if combinational data C (C+/ C-) is the desired input, the On-2 can be 

disabled and On-1 can be turned on. To select sequential data Q (Q+/ Q-), the On-1 

should be turned off and On-2 be turned on. With the use of the switches, the functions 

of the RP MUX can be completely merged into the first latch. In Latch 2, there are two 

current trees. However, only one current tree will be turned on at any given time, similar 

to Latch 1. One tree is for the D-latch logic and the other is for “CLEAR” (CLR) to 

directly pull down the output to the lowest voltage in the circuits. With this design, there 

can be two input voltage levels with the power supply voltage equals to 2.5 V. 
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Figure 42 Latch 1 in the new D-FF design. 

   

Figure 43 Latch 2 in the new D-FF design. 

The CS MUX, shown in block IV of Figure 37, is used for selecting either combinational 

logic (C+, C-) or sequential logic in the original design. With the new input stage, this 

job is now done at the next Basic Cell’s input routing stage, so the CS MUX can be 

removed from the Function Unit in the new Basic Cell to reduce the total gate delay. The 

new Basic Cell structure is shown in Figure 44. It is created by simplifying and 

combining the four blocks (I, II, III and IV) drawn in Figure 37. The overall functions of 

the Basic Cell remain the same as in the original design to keep the same bit stream and 

use the existing software (Xilinx 6200) to program them. After developing the new 
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Basic Cell, the total number of current sources has been reduced from 30 (14 CML trees, 

8 pairs of the emitter followers) to 21 (13 CML trees, 4 pairs of emitter followers) and 

the propagation delay has been reduced as well. The layout of the new Basic Cell is 

shown in Figure 46 with the dimension of 230 x 170 mm2. 

 

Figure 44 Schematic of the BCII. 

 

Figure 45 Layout of the new Basic Cell (Version I, done by Chao You) 
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5.1.3 Dynamic shut down of unused circuits 

The NMOS switches in every MUX and D-FF can be used to disable the unused circuits. 

Thus, it can be used to shut down unused current trees in the programmed Basic Cell to 

reduce power consumption. In the worst case (Basic Cell maximum usage case), there 

will be no circuits that can be turned off. 
 

 

                         

Figure 46 Layout of the new Basic Cell (Version I1, done by Jong-Ru Guo) 

 

In Case I, there is a combinational or sequential function enabled and no redirected 

signals. The signals come in from the input routing block and passed to the Function 

Unit (FU). In this case, there are 10 or 12 current trees turned on. In the second case 

(Case II), the Basic Cell is programmed to perform sequential logic and the input signals 

are also redirected to the output routing block. Based on how many signals are 

redirected, the numbers of the current trees enabled are: 15 for one redirected signal, 18 

for two redirected signals and 21 for three redirected signals.  The above results are 

summarized in Table 9. 
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Table 9 Dynamic Routing Power Usage [12]. Case I. Only combinational logic or 

sequential logic is used. Case II. Sequential logic and redirection function are used. 

Case III. Only redirection function is used. 

Design Tree # Power Usage 

BC Maximum Usage 21 100% 

Case I (Comb./ Sequential Logic) 10 / 12 47.6% / 57.1% 

Sequential, One Redir. 15 71.4% 

Sequential, Two 

Redir. 

18 85.7% 

Case II 

Sequential, Three 

Redir 

21 100% 

Case III 3 tree / dir 14.2% / dir 

  

5.2 Programming scheme 

In a circuit there is dynamic and static power consumption. In a SiGe CML FPGA, 

when the dynamic power and static power (CMLs in CLB routing MUXs and decoders) 

are summed together, the total power consumption will be very large. One source of the 

dynamic power consumption is from the large CMOS memory cells in the FPGA. The 

FPGA should avoid turning on the memory cells and Basic Cells together, to avoid a 

power surge. To prevent this from happening, a specialized programming scheme has 

been developed. The programming scheme is composed of two parts. One is the timing 

scheme and the other is the H programming scheme. 

 

5.2.1 Timing scheme 

Figure 45 shows the timing scheme of the FPGA. After initializing the FPGA, the data 

generated from the configuration software will be stored into the memory cells. Once the 

memory programming period has passed, the Basic Cells (CML and CMOS decoders) 

are activated and the configuration file is programmed into the Basic Cells. This timing 

scheme can successfully avoid activating memory cells and Basic Cells at the same time. 
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It also prevents damage to the FPGA if all the CML trees are turned on in the 

initialization period.   
 

 
 

 

 

 

 

 

 

5.2.2 H-programming structure 

Programming an FPGA is an important issue due to the large amount of memory. A 

substantial number of wires are needed to pass the address and data. Those wires 

generate parasitic elements which may induce noise and attenuate signals. To mitigate 

these problems, the H-programming scheme is proposed to reduce the number of wires 

that the circuit needs. This scheme is composed of two parts: the H-programming 

structure and the memory module. 

Figure 48 shows the H-programming structure. The idea originates from the popular H-

pattern interconnect structure. During the memory programming period mentioned in the 

previous paragraph, the Sel+ (Sel-) will assert the Main-EN to turn on the main decoder 

to enable the Sub-decoder in the desired Basic Cells. During the FPGA working period, 

the main-decoder will generate the CLR signal to clear all the data in the D-FFs and 

memory. The memory module is shown in Figure 49 and is composed of a data shift 

circuit and SRAM modules. During the data write period, the Sel+ (Sel-) signal will 

generate Counter-EN signal to enable Count-N. When the counter counts to N, the data 

is stored in the D-FFs and the counter generates a signal to turn the Counter-EN off. 

Lastly, the Write-EN is activated and the data starts to be stored in the memory. During 

the read period, the Read-EN is on and the data is transmitted to the multiplexers in the 

Basic Cell. This scheme has more clock cycles than other methods; however it 

greatly reduces the number of interconnect wires that pass the address and data. The 

Sel + 

Sel - 
Initialization 

period 
Memory 

programming 

period

FPGA working 

period 

Figure 47 Timing scheme for programming the FPGA 
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 parasitic effects due to wire will not be as severe and the size of the FPGA layout can be 

reduced as well. The layout of the memory module in the Basic Cell is shown in Figure 

50. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 50 Layout of the memory module in the Basic Cell 

5.3 Performance of the Basic Cell II 

After designing the new Basic Cell (BCII), it is very important measure how well it 

performs. Based on different SiGe processes, the Basic Cell II has evolved through 

several generations to achieve higher performance and lower power consumption.  

  

5.3.1 Propagation delay of different generations of Basic Cells. 

To understand how different generations of the IBM SiGe process influence the 

performance of a Basic Cell, the 5HP, 7HP and 8HP Basic Cell have been simulated and 

compared. The propagation delay of the 5HP and 7HP Basic Cells are 239 ps and 100 
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ps. The 8HP Basic Cell has been designed to run in different modes. First is the high 

performance case which is designed to work at its maximum speed. In this case, the 

8HP-Basic Cell has the propagation delay of 42 ps. The other case is the power saving 

case, which is designed to have half of the power consumption of the high performance 

case, yields a propagation delay of 72 ps. From the above simulation results, the gate 

delay of the 8HP Basic Cell is about 42 ps (8HP high performance case). Comparing the 

5HP Basic Cell’s propagation delay to the 8HP high performance case, the gate delay is 

reduced by 69%. Compared to the 8HP Basic Cell power saving case, the gate delay has 

been reduced by 82.5%. The simulation measurement results of those Basic Cells have 

been shown in Figure 51. 
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Figure 51 Propagation delay of different Basic Cell generations. 

 

5.3.2 Power consumption of different generations of Basic Cells 

From previous chapters, the power consumption of a CML design is related to the 

number of CML current trees (N), power supply voltage (Vcc-Vee) and the reference 

current (Iref) it uses. Its power consumption can be calculated by Eq-5.1. 

   ( ) refIVeeVccNPower ×−×=    Eq-5.1 

1. 5HP Basic Cell. (Bryan) 
2. 7HP Basic Cell. (test chip Chao) 
3. 8HP Basic Cell (High performance design). 
4. 8HP Basic Cell (low power case) 

Tp (ps) 
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When the power saving scheme is enabled, there are some unused current trees 

turned off. The total power consumption of a Basic Cell programmed to a specific 

function can be calculated by Eq-5.2 where N is the number of Basic Cells programmed 

to a specific case and PON is the fully turned-on power consumption of the new Basic 

Cell (for the 7HP case, the PON is 47 mW) and the power usage has been listed in Table 

9.   

                               PBC = PON × ∑N × power usage( )                                  Eq-5.2 

 

In the 5HP Basic Cell design, 30 current trees are used, resulting in 71.4 mW of 

power consumed. In the 7HP design, 21 CML current trees are used, which results the 

total power consumption of 47 mW. In the 8HP design, in the high performance case, it 

consumes 32 mW. In the power saving case, it consumes 13 mW. The power 

consumption of each Basic Cell is shown in Figure 52. Comparing the 5HP power 

consumption to the 8HP power saving case, a power savings of 82% is achieved. The 

above simulation and measurement results are listed and summarized in Table 10. 
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Figure 52 Power consumption of different generations of the Basic Cell. 
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3. 8HP Basic Cell (High performance design). 
4. 8HP Basic Cell (low power case) 

Power 

consumption 



 

 49

5.4 Logic verification 

 Since the Basic Cell has been modified, the cell’s functions need to be verified. 

Each Basic Cell can perform one logic operation on two inputs (A and B). The input  

 

Table 10 Processes and electrical properties of the old and new Basic Cell. The 7HP 

case is designed to achieve fast operation. The 8HP case is designed to achieve lower 

power consumption while maintaining the equivalent 7HP performance. 

 Process Vcc, 
Vee 

Current 
trees 

Iref Power 
consumption 
per tree 
(PON) 2 

Tp 

Old Basic Cell [1] 5HP 
fT =45 GHz 

0, -3.4 
V 

30 0.7 mA 71 mW 239 ps 

New Basic Cell[2] 7HP 
fT =120 GHz 

0, -2.8 
V 

21 0.8 mA 47 mW  100 ps 

New Basic Cell1 
(high 
performance 
case) 

8HP 
fT =210 GHz 

0, -2.2 
V 

21 0.7 mA 32 mW 42 ps 

New Basic Cell1 

(Power Saving 
case) 

8HP 
fT =210 GHz 

0, -2.2 
V 

21 0.3 mA 13 mW 75 ps 

1. The 8HP cases (high performance case and power saving case) are based on 
simulations. The difference between the 8HP cases is that for the high performance case, the 
transistors are set to the maximum cutoff frequency while for the Power Saving case, the 
transistors are set to have the same cutoff frequency as the peak in the 7HP process.  

2. A Basic Cell is composed of CML trees, each having a fixed current through it that is 
steered between branches. The power consumption of each Basic Cell can be calculated by 
Eq-1 independent of clock frequency. 
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signal A of the test simulations is a square wave with period of 1.4 ns and input B is set 

at 1 ns. The Basic Cell was programmed as an AND, OR and XOR gate. The resulting 

waveforms are shown in Figure 53, 54 and 55. The waveforms below verify that the 

Basic Cell performs the correct operations. 

The primary goal of the new test circuit is to determine the maximum speed of the 

new Basic Cells in an FPGA. To achieve this measurement, four new Basic Cells are 

serially connected in a ring oscillator fashion, with the first output of the Basic Cell  

  
 

 

Figure 53 AND logic simulation result of 

the new Basic Cell design. (Input A 

period: 1.4 ns. Input B period: 1 ns.)

Figure 54 OR logic simulation result of the 

new Basic Cell design. 

Figure 53 XOR logic simulation result of 

the new Basic Cell design.

Figure 54 Layout of the Basic Cell ring 

oscillator test chip.  
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inverted. The layout of the Basic Cell ring oscillator test circuit is shown in Figure 56 

based on the IBM 7HP process. It contains two different speed ring oscillators. The one 

on the left of it has a higher reference current (Iref = 1 mA) to achieve higher operation 

speed. The other block on the right is the slower speed, power saving one with 

lowerreference current (Iref = 0.1 mA). Detailed layouts of the oscillators are shown in 

Figure 57 and 58. The simulation results in Figure 5.19 and 5.20 show the sinusoidal 

waves with a period of 370 ps, (or 23.6 GHz for signal stage) the higher speed case and 

1.1 ns (7.2 GHz) for the lower speed power saving case. 

 

5.5 Summary 

Several methods were used to reduce the power consumption of the Basic Cell. The first 

method, reducing power supply from 3.4 V to 2.0 V, contributes to most of the saved 

power, a total of 92%. The second method, combining and simplifying the logic of the 

old Basic Cell, has reduced the number of current trees by 9, from 30 to 21. It 

contributes another 2% power saving, saving 94% power (compared to the old design). 

The dynamic shut down of unused circuits reduces more trees from 21 to 10, saving 97% 

more power than the old design.  The last method depends on the routing situation, and 

can save up to 21 current trees. The percentage of power saved for the above strategies 

350ps 1.1ns 

Figure 55 High speed four stage Basic Cell 

ring oscillator with period of 350 ps. 

Figure 56  Low speed four stage 

Basic Cell ring oscillator with the 

period of 1.1 ns 
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are plotted and shown in Figure 59. The new Basic Cell design has been fabricated at 

IBM. Future work will involve testing the ring oscillators to understand the performance 

of the new designed Basic Cell.  

 

Figure 57 Percentage of the total power saved by power saving strategies. 

The aim of this work is to maximize the power savings of the original FPGA design 

while maintaining the logic structure and performance. For the new IBM process, three 

methods have been used. And a programming scheme to reduce power has also been 

implemented which has shown to provide significant power savings over the original 

design. With the reduced power consumption we can now scale the FPGA to a 64 x 64 

Basic cell array, making it viable for more high speed applications. 
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6. Basic Cell with one bit full adder function built-in (BCIII) 

In 2000, the first high speed SiGe FPGA utilizing CML and running in the GHz range 

was proposed [2.1], [2.2]. This opened a window to GHz configurable applications. 

Though it runs at very high speed, less functionality requires that more Basic Cells be 

used for an application, which results in more power consumed. Since addition is widely 

used in DSP applications, the inclusion of the addition function has significant benefits 

to the FGPA when included in the BC. For example, to implement a one-bit adder, four 

cells are needed in the BCII. To reduce the number of basic cell used in DSP 

applications, the addition function is added in Basic Cell III (BCIII).  

 

6.1 High Speed configurable logic cell (Basic Cell) 

Modern digital systems use arithmetic components, such as multipliers and adders to 

perform complicate signal processing operations. Commercial FPGAs have included the 

add function to increase their functionality. Figure 59 shows the schematic of a one-bit 

full adder implemented with two XOR gates and one 2 to 1 multiplexer (2:1 MUX). 

Figure 60 shows the schematic of the one-bit adder implemented by the BCII SiGe 

FPGA. Once configured for pipelined adder, the synchronous clock can achieve 10 GHz.  

However, the power consumption becomes a major problem because it requires 4 basic 

cells to implement it, which consumes more power. If a new basic cell or configurable 

cell can provide the adder as a built-in function, the overall power consumption can be 

reduced by a factor of 4.  Figure 61 shows the schematic of the Basic Cell II (BCII), 

which performed two input variable operations used in SiGe FPGA. Its operation has 

been described in the previous chapter.  

 

6.2 Logical implementation of the adder in the reconfigurable cell 

From Figure 59, an adder can be expressed with Eq-6.1 and Eq-6.2. From Eq-6.1, it is 

shown that two XOR gates can realize the SUM output. Using the existing components 

of BCII, an additional multiplexer, latch, and supporting circuitry are all that is needed to 
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implement a full one-bit adder within the basic cell. Its configuration is shown in Figure 

60 and Figure 61 shows the structure of a BCII cell. 

    CinBASUM ⊕⊕=     Eq-6.1                                    

    ( ) CinBACout •⊕=     Eq-6.2 

 

 

 

 

       

 

 

 

 

 

Figure 60 Schematic of the Basic Cell (BC) used in SiGe FPGA. 

Figure 62 shows the proposed structure of the BCII which can perform one bit full 

adder function. Three MUXs and a DFF for the carry path are included to the BCII and 

becomes the BCIII cell. The Carry-in MUX select the inputs to the carry path. If the 

BCIII is programmed not to run the full adder function, the Carry-in Select MUX input 

is ‘1’ which programs the Sum-en MUX to be a buffer. If the full adder function is 

Cin 

Sum

Cout 

A
B

Cin 

Sum

Cout 

A
B

Figure 59 One bit adder implemented by 

four 6200 Basic Cells.  
Figure 58 Schematic of a one bit 

full adder.                                   

I II 

III 
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programmed, the input of the Carry-in Select MUX is combinational carry input, Cin-

COMB or sequential carry input (Cin-SEQ).  

 

Figure 59 Schematic of the Basic Cell III (BCIII) with the one-bit full adder built-
in. 

 

Figure 60 SUM path highlighted by solid black lines and blocks in the BCIII. 

The SUM path in the Basic Cell III is shown in solid lines and blocks in Figure 6.5. 

The first 2:1 MUX on the left generates the first XOR logic. The Sum-En MUX 

generates the second XOR logic and passes it to the outputs. 

Carry-in 

Select MUX 

Carry 

MUX

Sum-En 

MUX

Sum-En 
MUX 

Carry 
MUX 

Carry-in 
Select MUX 

F0 = A xor B F1 = F0 xor Cin 

SUM path 
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Figure 61 Carry path of the Basic Cell III (BCIII), highlighted by solid black lines 

and blocks. 

The carry output (Cout-COMB and Cout-SEQ) can be synthesized by XOR and 

AND gates. Thus, the carry path shown in Figure 60 is designed. The function of the 

first MUX generates the XOR function which is the same with the SUM path. The 

second MUX, Carry MUX, is used to generate the AND function with the carry input 

(Cin-COMB and Cin-SEQ) and pass its output to the DFF or next BC. If the add 

function is not selected, this reconfigurable cell must operate in the same manner as the 

previous cell version. Therefore, three more input MUXs are added. If the add function 

is not selected, the input MUX of the Cin signals is set to 1. Thus, the second MUX in 

the SUM path becomes a buffer and passes the generated logic to the output. Figure 62 

shows the input, output signal paths of the new proposed Basic Cell III (BCIII) and 

Figure 63 shows the layout of the BCIII with dimensions of 170 µm x 185 µm. 

 

6.3 Propagation delay and power consumption 

Since power consumption of BCIII is crucial for use as a large scale FPGA, the power 

consumption of BCIII must be compared to the BCII. Since the reconfigurable  

Carry-in Select 
MUX 

Sum-En 
MUX 

Carry 
MUX 

F2 = F0 and Cin 

F0 = A xor B 



 

 57

 

                           

Figure 62 Signal paths to the neighbor cells. 

 

 

Figure 63 Layout of the BCIII with dimensions of 170 µm x 185 µm. 

cell uses CML MUX logic, the static power consumption dominates the total power 

consumption. Eq-6.3 shows the power consumption of CML logic where N is the 

number of current trees and Iref is the reference current flowing in the tree.  

    

170um 

185um 
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   ( ) refIVeeVccNPower ×−×=           Eq-6.3 

Table 11 Power usage of the BCIII without enabling the add function. 

 

Table 12 Power usage of the BCIII with the add function enabled. 

Design (with the add function disabled) # of Trees Power usage 

Case A.1: Combinational/Sequential logic, 

adder function disabled, no Redirection 

9/13  34% / 50% 

B.1  Comb./Sequential, 

one Redirection 

12/16 46% / 61% 

B.2  Comb./Sequential, 

two Redirections 

15/19 57% / 73% 

B.3 Comb./Sequential, 

three Redirections 

18/22 69% / 84% 

Case A.2: With 

signal redirected. 

 

B.4 Comb./Sequential, 

four Redirections 

21/26 81% / 100% 

Case A.3: Redirection only per direction 3 12% 

Design (with the add function enabled) # of Trees Power usage 

Case B.1: Combinational/Sequential logic, 

adder function enabled, no redirection 

12/14  46% / 52% 

B.1  Comb./Sequential, one 

Redirection 

15/17 55.6% / 63% 

B.2  Comb./Sequential, two 

Redirections 

18/21 67% / 73% 

B.3 Comb./Sequential, 

three Redirections 

21/24 77.8% / 88.9% 

Case B.2: With 

signal 

redirected. 

B.4 Comb./Sequential, four 

Redirections 

25/27 92.6% / 100% 

Case B.3: Redirection only per direction 3 11% 
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Based on this equation, the total power consumption of BCII is 47 mW (N = 30, 

Vcc=0 V, Vee= -2.8 V and Iref is set to 0.8 mA) when it is fully utilized. The new BCIII 

the design has 27 current trees when it is fully utilized. The power supply is set to be 

same as BCII, with a total power consumption of 60.5 mW. To save power, the power 

saving scheme used in BCII is also in the new design.  Based on the different 

personalities programmed into the cell, the scheme can shut down the unused current 

trees. Table 11 shows the power usage of the BCIII with the add function disabled  

 

Figure 63 Simulation of the four stage ring oscillator of the sum path which has the 

period of 318 ps. 

 

Figure 64 Simulation of the one stage ring oscillator of the carry path, which has 

the period of 65.3 ps. 

318 ps 

65.3 ps 
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Table 13 Propagation delay and power consumption of BCII (No add function built 

in) and BCIII (with add function built in). 

 Process Vcc, 
Vee 

Current 
trees 

Iref Power 
consumptio
n 

Tp 

BCII 8HP 
fT=210 
GHz 

0 
2.8 V 

21 0.8 mA 47.04 mW* 32 ps 

BCIII 
With the 
add 
function 
disabled 

8HP  
fT =210 
GHz 

0 
2.8 V 

22 0.8 mA 49.28 mW 39.7 ps  

BCIII  
With add 
function 

8HP 
fT=210 
GHz 

0 
2.8 V 

27 0.8 mA 60.48 mW* 39.75 ps  
-SUM path 
32.65 ps  
-Carry path 

* In this case, the reconfigurable cells (BCII and BCIII) are fully utilized. 

 

which is the same with BCII. Table 12 shows the power usage with the add function 

enabled. Figure 63 shows the simulation result of the four-stage ring oscillator of the 

SUM path (the combination or sequential logic when add function is not selected). The 

period of its output is 318 ps, which indicates each stage (BCIII) has the propagation 

delay of 39.75 ps (SUM path). The propagation delay of the carry path is also simulated 

with the ring oscillator configuration and shown in Figure 64. The period of its output is 

65.3 ps, which means the carry path has the propagation delay of 32.65 ps. The 

propagation delay and full power consumption are listed in Table 13.  

 

6.4 Experimental results and discussion 

To demonstrate the performance of the BCIII, several test circuits in a chip have been 

fabricated with the IBM SiGe 8HP process.  The test blocks and layouts are shown in 

Figures 65 and 66. The first four-stage ring oscillator is designed to verify the 

propagation delay of the SUM path. The second ring oscillator is the one stage ring 
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oscillator to measure the speed of the carry path. The last one is a pipelined 2-bit adder 

to demonstrate the add logic function. Figure 67 shows the measurement result of the 4  

 

Figure 65 Schematic of the BCIII test chip. 

                
 

 

Figure 66 Layout and Microphotograph of the BCIII test chip which has the 

dimension of 1350 µm x 1640 µm 

 

stage SUM-path ring oscillator. It shows a period of 910ps. After calculation, each stage 

of the SUM-path ring oscillator has the propagation delay of 57.5ps. Figure 68 shows the 

measurement result of the one stage ring oscillator of the carry path after divided by 8. 

The period of the measured waveform is 790 ps. From this result, propagation delay of 

2 8 
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the carry path in the BCIII is about 49.37 ps. The measurement shown in Figure 6.15 is 

the SUM output of the pipelined adder. Its inputs are generated from the VCO and clock 

divider. The outputs of the clock divider by 2, 4, 8, and 16 are applied to the inputs  

        
 

 

 

 

of the adder. The output pattern of the adder is known to be 0110 when carry in is 0 and 

1001 when carry in is set to 1. In Figure 60 and Figure 70, SUM output is synchronized 

to the 10 GHz and 5 GHz clocks applied to the DFF of the BCIII. The output pattern was 

as expected. From the above results, the propagation delay of the carry path is close to 

that of the SUM path. The BCIII is also verified that it runs at 10 GHz frequency on the 

pipelined design.  

The power consumption is increased after adding multiplexers, which contributes 

13.44 mW to BCIII.  From Table 6.1, if the add function is disabled; the total power 

consumption is one current tree more than the BCII. Eq-4 is used to calculate the total 

power consumption of a BCIII application where the PBC is the total power consumption, 

 

790ps 

Figure 68 Measurement result of the one 

stage ring oscillator with the period of 

790ps of the carry path.  

Figure 67 Measurement result of the 

one stage ring oscillator with the period 

of 910 ps of the sum path. 

910ps 
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  PBC = PON × ∑N × power usage( )     Eq-6.4 

N is the number of programmed Basic Cells to a specific case and PON is the fully 

turned-on power consumption. To BCIII, PON is 60.48 mW.  For example, if BCIII is 

configured to a one bit full adder without signal redirection, the total power consumption 

is  

   mWPBC 57.20%)341(48.60 =××=    Eq-6.5 

and the 4:1 MUX and 1:4 DEMUX power consumption are 

  ( ) mWmWP MUX 3.153%482%4353.491:4 =×+××=  Eq-6.6  

  ( ) mWmWP DEMUX 6.174%482%4363.494:1 =×+××=  Eq-6.7 

 

     
    

 

 

  

The calculation results are compared to the BCII implementation results [6.1] and listed 

in Table 6.4. From it, the power consumption of the BCIII SiGe FPGA is slightly larger 

100ps CLK 

SUM 

1   0    0    1    0    1   1   0     

Cin=1 Cin=0 

Figure 69 Measurement result of the 

pipelined adder with the clock 

frequency at 10 GHz. 

Figure 70 Measurement result of the 

pipelined adder with the clock 

frequency at 2.86 GHz. 

350ps CLK 

SUM 

1   0    0    1    0    1   1   0     

Cin=1 Cin=0 
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than BCII SiGe FPGA. However, while the SiGe FPGA is configured to a pipelined 

adder, the power consumption of the BCII FPGA is 5 times larger than BCIII FPGA. To 

calculate the power consumption of a design implemented by the Xilinx FPGA, Xilinx 

provides a web based work sheet (V1.5) to estimate this parameter [6.2]. Its power 

estimator is based on the design’s resource usage, toggle rates and other factors. By 

using this work sheet, the power consumption of the implementations can be calculated 

and compared to the SiGe FPGA. Based on the results from Xilinx work sheet, the 4:1 

MUX has a power consumption of 53 mW and the 1:4 DEMUX has a power 

consumption of 79 mW. From these results, power consumption of the 4:1 MUX  

 

Table 14 Comparison of the power consumption of the BCII, BCIII SiGe FPGAs 

and CMOS FPGA. 

Reconfigurable cell  Pipelined adder 4:1 MUX 1:4 DEMUX 

BCII  107.3 mW 146.3 mW 166.52 mW 

# of BCII cells used 4 7 8 

BCIII 20.57 mW 153.3 mW 176.6 mW 

# of BCIII cells used 1 7 8 

CMOS FPGA 

(Xilinx Virtex) 

x 53 mW 79 mW 

# of CLB used  

(Xilinx Virtex) 

x 7 8 

 

implemented by the BCII SiGe FPGA and BCIII SiGe FPGA is 2.76x and 2.9x compare 

to CMOS result. The power consumption of the 1:4 DEMUX implementation by the 

BCII SiGe FPGA and BCIII SiGe FPGA is 2.1x and 2.2x larger than the CMOS FPGA 

result. 
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6.5 Conclusion and future work 

The design of the BCIII adds the capability to synthesize a full one-bit adder using only 

one basic cell while minimizing the increase in power consumption when compared to 

the BCII SiGe. When compared to the BCII adder implementation, the BCIII design 

consumes 1/5 the power. For other logic functions (MUX and DEMUX), the increase in 

power consumption is around 7~11 mW.  With the performance that BCIII can achieve, 

the future work will be to implement digital filters, DSP applications on a larger scale. 
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7. Large Scale (20 x20 BC array) SiGe FPGA design 

From previous chapters, the Basic Cell has been designed to perform GHz tasks and its 

power consumption is kept to a minimum value. In this chapter, a 20 x 20 BC array SiGe 

FPGA with 2.8 V power is designed to execute programmed applications. The detailed 

schematic, layout and design considerations are described. Figure 71 shows the block 

diagram of the SiGe 20 x 20 BC array FPGA. It is designed to perform 4-bit logic 

operations. Four sub-blocks are included; they are the FPGA core, input multiplexer 

block, output selection block and oscillator.   

 

Figure 71 Block diagram of the 20 x 20 array FPGA. 

The input multiplexer block has two 4-bit MUXs used to multiplex the selected 

external signals (Signal A and B) and the test signals generated from the frequency 

divider. To save power, the FPGA can be programmed to enable only a limited area. The 

outputs of four BC blocks can be selected as the FPGA output after the selection of the 

output MUX. The detail functions of the blocks in Figure 71 are explained in the 

following paragraphs.  

7.1 The XC 6200 Basic Cell 

The Basic Cell used in the 20 x 20 FPGA has been described in Chapter 5. In the SiGe 

FPGA, the Basic Cell is adjusted to run at its fastest speed (10 GHz). The second version 

layout of the Basic Cell is used.   
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7.2 Voltage Controlled Oscillator (VCO) in SiGe FPGA  

In the 20 x 20 BC array FPGA, its clock is generated from a Voltage Control Oscillator 

(VCO) which is a four-stage ring oscillator shown in Figure 72 (a). A modified Gilbert 

mixer is used as its building block [7.1]. This VCO can linearly interpolate the signals 

received from the previous two stages. Each stage mixes the signals from previous stage 

and the stage preceding that one. For example, the output signals of the buffer B depend 

on the signals from A and D buffers. These signals are weighted by the control signals of 

the mixer and summed by the pull-up resistors. The minimum operating frequency is 

defined by the case when the leap signal is ignore, which is shown in Figure 72 (b).  

 

 

 

 

 

 

 

Figure 72 (a) Feed Forward VCO block diagram. (b) The VCO running in the four 

stage configuration with the control voltage set to a minimum value. (c) The VCO 

in the two stage configuration at the maximum control voltage. 

The VCO’s maximum frequency can be achieved by ignoring the previous stage signals. 

Thus, the oscillator runs as a two stage ring oscillator (Figure 72 (c)), which has a higher 

frequency than 4-stage case (Figure 72 (b)). Figure 73 shows the schematic of the VCO 

multiplexer. It linearly interpolates the signal from the previous stage (A20, A21) and 

the buffer previous to that stage (B20, B21) through the control voltage (C30, C31). 

Resistor Rb limits the operating range of the VCO, Re adjusts the control voltage range 

and capacitor Cc defines the operating range. In the 20 x 20 FPGA, the VCO is designed 

to run in the range between 7 and13 GHz with the center frequency at 10 GHz. Figure 74 

shows the layout of the VCO which is symmetrical to minimize unbalanced parasitic 

effects caused by different lengths of wires.           
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Figure 75 Block diagram of the input/output blocks and the FPGA core. 

  

7.3 Input multiplexer block, output selection blocks and FPGA core 

The data flow of the FPGA is shown in Figure 75. The FPGA core, located in the center, 

is constructed of five 4 x 4 BC arrays (BC-BLOCKs). Depending on the number of BCs 

that an application needs, one of four portions of the BC array is activated. The first 

portion is the first BC-BLOCK, the second portion is the first row of BC-BLOCKs, the 

Output 

4 x 4 BC block (BC-BLOCK) 

1st area 
The output of the first 
4 x 4 BC block 

2nd area 
The output of the 
first row of 4 x 4 BC 

3rd area 
The output of two 
row 4 x 4 BC block

4th area 
Five rows of 4 x 4 
BC block to output

Input A 

Input B 
 

Output 

MUX 

Figure 74 Schematic of the VCO buffer. 
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Figure 73 Layout of the VCO buffer. 
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third portion is the first two rows of BC-BLOCKs and the last is the whole BC array. 

The two input 4-bit signals (A and B) are routed to the first and second row of the BC 

BLOCKs. Two MUX selection signals decide whether the internal or the external signals 

are routed to the core. All outputs must be routed to an output MUX which connects to 

the external pads.   

 

7.4 Programming scheme in the Basic Cell and FPGA 

To test this FPGA, it is very important to have a robust and simple programming 

structure. There are several ways to program it. Using shift registers to transport data 

into memory is one of the simpler methods. The advantages of using a shift register 

structure are ease of scaling up, reduced timing constrains, and a relatively simplified 

structure. The drawbacks are its circuit layout occupies more area than other memory 

structures (DRAM) and the time to program all the memory cells is longer. In this 

FPGA, we don’t care about the speed to program memory cells. Therefore, the shift 

register structure was picked to program this SiGe FPGA chip.   
 

7.4.1 Programming structure used in Basic Cell 

The programming structure of the Basic Cell includes two parts. One is the shift register 

and the other is the memory bank. Its schematic is shown in Figure 76. Since this part 

doesn’t have to run at very high speed, the timing constrain of the clock is not as critical 

as the FPGA core, however the signal strength of the clock and data must be guaranteed. 

Therefore, repeaters have been placed to insure the clock reaches its logic high level. 

Data is shifted to the shift register. After n clock cycles, the data is shifted to the desired 

position and an enable signal is generated to write the data to memory.  

Since the shift register has expandable capability, it can be serially connected to the 

other Basic Cells. Its structure and function have been described in the previous 

paragraph. Figure 77 shows the layout of 42 SRAM cells. It is composed of two rows of 

21 SRAM cells. Figure 78 shows the layout of the 42-bit shift register. It is composed by 
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6 D-FFs in each row and the output of the previous row serially connects to the 

following row’s input.  

 

 

 

 

 

 

 

 

 

Figure 76 Schematic of the programming scheme with clock distribution. 

 

Figure 77 Layout of 42 SRAM cells. 

 

 
 

Figure 78 Layout of 42 bits shift register. 
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The above circuits are simulated with a 500 MHz clock at a temperature of 50oC. 

Figure 79 shows the simulation result of the 42-bit memory circuit. When WR-EN is 

zero, the outputs of the 42 memory bits are all “one”. While the WR-EN changes to 

high, the data is latched into the memory and programs the Basic Cell. Figure 7.10 

shows the simulation of the shift registers. The first four outputs are monitored. In those 

outputs, the data is propagating from one flip flop to the next one.  

 
 

 

 

7.4.2 Programming circuit in the 20 x 20 FPGA  

There are two methods to program the configuration bit stream into an FPGA. The first 

method is to use the DRAM structure. It has to deal with read (write) timing issues 

which make the memory systems much more complicated to design. Another method is 

to use the shift register structure to reduce the complexity of the memory structure and 

shift the data stream to the corresponding memory positions. Figure 81 shows the 

connection of a row of Basic Cell in the 20 x 20 FPGA. A long chain of shift registers 

can be formed to increase the flexibility of the hardware scale. Data can be passed to 

every Basic Cell to program desired functions. Then the data path is connected to the 

input of next row of Basic Cell.  

Figure 79 Simulation result of the 

shift register output with input data 

period of 800 ps. 

Figure 80 Simulation of the 42-bit 

memory. 
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By connecting all shift registers in the 20 x 20 FPGA, the FPGA’s personality can 

be programmed. Figure 82 shows the programming scheme of the SiGe FPGA. The 

center-to-center spacing of he BC is about 170µm. CMOS data repeaters (CMOS buffer) 

 

 

 

 

 

 

 

 

 

 

Figure 81 Block diagram of an array of basic cells with programming circuits 

connected. 

 

 

 

 

 

 

 

 

 

 

 

 

 

are inserted to boost up signal strength. To make sure that the configuration bits of the 

20 x 20 SiGe FPGA correctly arrive at their positions, the data in each row of BC can be 

routed outside of the chip and compared with the input data.  

20 BCs (3400µm) 

BC BC BC 

BC BC BC 

BC BC BC 

20 BCs  

(4200µm) 

Figure 82 Programming and memory circuits in the SiGe FPGA. 

The path of the programming bit stream 
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7.5 Power Rails design 

In Figure 83 (a) and (b), the black and gray wires show the Vcc (0 V) and Vee (-2.8 V) 

power rails. Since the voltage is gradually lost along the wires due to parasitic elements, 

it is very important to design power rails that have no large voltage drop between the 

ends of rails. Table 15 shows some important parameters of the SiGe process [7.2]. In 

order to get a good estimation of the power rail width, some assumptions must be made; 

 

1. The length of the Basic Cell is 170 µm with an additional 5 µm spacing to the next 

Basic Cell. (L = 175 µm) 

2. The thickness and width of the AM metal are both 4µm. 

3. The current that each BC consumes is 1 mA (in the latest IBM model manual, fTmax 

can be achieved at Ic = 1 mA). 

4. All the current trees in the Basic Cell are on (22 current trees; 22 mA). 

5. The voltage at the end of the power line is less than 2.79 V. The allowable voltage 

droop is 1% since the input power is 2.8 V.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Vcc Vee 

Figure 83 (a) Power rail in the FPGA core. (b) Power rail in each BC.  
(a) 

Vcc 

Vee 

Power rail length: 175 µm 

BC length: 170 µm 

Req 

Req 

(b) 
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Table 15 Characteristics of the metal layers of the IBM 7 HP process [7.2]. 

 

First, the equivalent resistance (Req) of the Basic Cell power rail can be calculated 

by Eq-7.1. If the width of the power rail is w, Req will equal to 1.225/w Ω. Then Req is 

applied to a simplified power droop model as illustrated in Figure 84. In the FPGA, there 

are 20 BCs in each row and column. Each one is designed to have 1 mA currents 

flowing in it. Therefore, the R1 to R20 equal to Req and I1 to I20 equal to 22 mA. Applying 

those parameters to the model shown in Figure 84 and Eq-7.2, the width of the power 

rails should be more than 68µm. To get less power droop on the rail, 75µm is selected 

for the width in the FPGA core.  Figure 85 shows the power rails in the Basic Cell. 

 

Table 16 Equations for calculating power droop and power rail width. 
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                                                                                                Eq-7.2 

ρ = resistivity 

t = thickness 

l = conductor length,  

w = conductor width 

Req= the sheet 

resistance (Ω/square) 

 

 

 

Metal layers Design Width 

(µm) 

Thickness 

(µm) 

RS (Ω/square) 

M1, Mx, MT, x = 2, 3, 4 0.5 ≤ M1 < 1.0 

0.5 ≤ Mx 

0.36 ± 0.05 0.07 ± 0.012 

M1, Mx, MT, x = 2, 3, 4 < 0.5 0.31 ± 0.05 0.089 ± 0.018 

LY ≥1.52 1.25 ± 0.13 0.023 ± 0.005 

AM ≥ 4.0 4.0 ± 0.4 0.0070 ± 0.0015 
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Figure 84 Simplified circuit model of the power distribution. 

                                                                                             

                
                                 (a)                                                                   (b) 

Figure 85 (a) Vcc (GND) power rail in the Basic Cell.. (b) Vee (-2.8 V) power rail of 

the Basic Cell. 

 

 

 

 

 

 

Figure 86 Clock tree of the 8x8 array as an example in the FPGA core. 
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Figure 87 Schematic (a) and layout (b) of the clock repeater. 

7.6 Clock and programming circuit clock distributions  

To demonstrate the clock tree in the SiGe FPGA, an 8 x 8 BC array is used. The clock 

distribution shown in Figure 86 is based on the H-pattern structure which reduces the 

influence of parasitic effects and load effects to a minimum. Since the SiGe FPGA runs 

at higher frequency (in the GHz range), avoiding clock skew is very important. To 

alleviate the signal attenuation problem, repeaters are added to the clock tree. The 

schematic and layout of the repeater composed of a Current Mode Logic (CML) buffer 

and emitter followers are shown in Figure 87 (a) and (b). Figure 88 and 89 shows a test 

structure and simulation results of a clock repeater loaded with different length wires 

(400 µm ~ 700 µm). One can observe that the output waveform of the 700 µm wire case 

starts to distort. Therefore, the clock repeater can deliver the signals through a 700 µm 

wire (when the input signal frequency is at 10 GHz). Figure 90 shows the simulated 

waveforms of the repeater outputs loaded with one to five repeaters. As more repeaters 

are added, the increase in the rise time is observed. Therefore, in the 20 x 20 FPGA, 

every repeater is loaded with only one repeater. Figure 91 shows the post layout 

simulation result of the partial tree from point A through B and C to D (The length of A, 

B, C, and D are 620, 360, 175 and 175 µm).  In the same figure, the propagation delay 

between point A and D is 30.6 ps. The layout of the programming circuit clock also 

follows the design methodology of the clock tree.  

Z21
Z20

Rc 

A11 

Vcc 

Vee 

A10 

Rc 

(a) (b) 
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Figure 88 Test structure of the repeater driving capability. The loaded wire is 

varied from 400~700µm. 

 

Figure 89 Simulation result of the clock repeater driving 400~700µm wire loads 

with the 10 GHz test signal. Test configuration is shown on the top in Figure 91. 

 

Figure 90 Simulation result of the clock repeater loaded with one to five clock 

repeater loads. 

Input CLK (10GHz) 

400um wire load 

500um wire load 

600um wire load 

700um wire load 

One repeater loaded 
(Red curve) Four repeaters loaded 

Three repeaters loaded 

Two repeaters loaded 

Five repeaters loaded 

(Blue curve)

Repeater 

400um

700um Repeater 

RepeaterRepeater 
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Figure 91 Propagation delay between A, B, C and D in clock tree shown in Figure 

89. 

 

 

Figure 92 Clock distribution of the SiGe FPGA. 

30.52ps

Point A (10GHz) 

Point B

Point C

Point D
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Figure 93 Detail clock distribution circuit in the 4 x 4 BC array. 

To minimize the clock skew of the clock tree, the delays in the clock tree must be 

correctly matched. This is usually accomplished by matching the driver and transmission 

line delays in each stage. Since this chip uses CML as the building logic, its differential 

nature suppresses induced phase noise. Therefore, the H-tree structure is adopted. Figure 

92 shows the clock distribution of the SiGe FPGA. The clock distribution also uses 

differential signaling to avoid introducing cross talk between wires and phase noise. It is 

separated into two parts shown in Figure 92. Part A is the symmetric part (16 x 16 Basic 

Cell array). Part B is the asymmetric part. Since the FPGA repeatedly uses the same 

reconfigurable cell (Basic Cell), the load of each terminal at the end of the clock tree in 

part A is the same.  Figure 93 shows the clock tree in the 4 x 4 BC array. In the clock 

distribution tree, all paths are designed to have the same length in order to have the clock 

signal arrive at every BC at the same time. Regarding Part B, it has an asymmetric 

layout which makes it more difficult to match the length of interconnects all the same, 

though each net has identical loads. Therefore, its layout should be designed more 

carefully. The method which tries to match the length of wires was used.  

 

 

CLK_in 

Repeater 

Clock path
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Figure 94 Test structure of the clock distribution. Each end of the clock tree is 

loaded with a CML buffer to emulate the load effect appearing in the clock tree. 

 

Figure 95 Simulated propagation delay of the clock distribution in the SiGe FPGA. 
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Figure 94 shows an example of the test clock tree. The difference between it and the 

one used in the 20 x 20 FPGA is that the test clock structure has CML buffers loads at 

the end of every test circuit instead of a Basic Cell. Figure 95 shows the post layout 

simulation results of the propagation delay from the point C to all BCs in this chip. 

Comparing the propagation delay in part A and B, the maximum propagation delay 

difference is about 3 ps. This result is good for the FPGA since a BC’s propagation delay 

is about 100 ps. This analysis only covers layout variation induced skew.  It does not 

cover process variation skew effects. 

 

7.7 SiGe FPGA layout, programming sequence and power 
consumption 

The layout of the SiGe 20 x 20 FPGA is shown in Figure 96. The center part is the 20 x 

20 BC array, with 20 pads surrounded it on each side. The length of the chip is 4.69 mm 

x 4.82 mm. As shown previously in the chip block diagram, the pads on the top and 

bottom are the power pads. On the left, four external data inputs take the upper 8 input 

pads and the output of the chip and programming circuit take the upper four pads on the 

right. The voltage controlled oscillator is located on the bottom left corner.  

Figure 97 shows the programming timing diagram. In the first cycle (Period A) the 

FPGA core is disabled by clearing the data left in the memory and shift register circuit to 

zero. Then the shift register starts to load the bit stream (Period B1). After finishing 

shifting data, the Write-EN is activated and the data is loaded into the memory (Period 

B2). Then the FPGA starts to function by turning on the Read-EN (Period C). By using 

this scheme, the CMOS part and the bipolar will not be activated at the same time to 

avoid over driving the FPGA. 

This FPGA circuit is composed of CMOS and Bipolar parts. The CMOS logic is not 

consuming power when it reaches a stable state. The power dissipation of the CMOS is 

ignored here. Assuming all the current trees in the FPGA are turned on, the approximate 

power consumption can be calculated. The power consumption of subsections is also 

shown Table 17. Normally, when the FPGA is programmed, not all of the logic circuits 



 

 82

perform functions. Based on the estimation and calculation described in Chapter 5, the 

least power consumption is 3.55 W. Other cases are also summarized in the same table.   

 

 

          

Figure 96 20 x 20 FPGA array programming structure 

 

 

 

 

 

 

 

 

 

 

A: Input selection block 

B: Vcc pads 

C: Output selection block 

D: Vee Pads 
E: Voltage Controlled 

Figure 97 Timing diagram of the SiGe FPGA 

A:   Initialization period 

B1: Programming bit stream period 

B2: Loading bit stream period 
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Table 17 Estimated power consumption of the different Basic Cell configurations 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

Design Usage Estimated power 

consumption 

BC Maximum Usage 100% 25 W 

Case I (Comb./Sequential Logic) 47.6 % / 57.1% 11.9 W / 14.3 W 

Sequential, One Redir. 71.4 % 17.9 W 

Sequential, Two Redir. 85.7 % 21.4 W 

Case II 

Sequential, Three 

Redir. 

100 % 25 W 

Case III 14.2% / dir 3.6 W 
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8. Giga hertz (GHz) applications: Multiplexer (MUX) and De-
multiplexer (DEMUX) 

8.1 Introduction 

FPGAs have been widely used in data communication and networking areas due to their 

flexibility in routing signals. MUX and DEMUX functions are widely used in data 

communication. A lot of high speed MUX and DEMUX designs have been based on 

different processes and the latest reported design has data transfer rates up to 40 GHz 

fabricated by a CMOS process [8.1]. However, no GHz MUX and DEMUX circuits 

have been implemented with FPGAs yet. Therefore, MUX and DEMUX circuits are 

appropriate applications to test the performance of the SiGe FPGA. 

Figure 98 shows a data communication system. Data streams are delivered and 

multiplexed by the multiplexer (MUX) to the transmission media. On the receiver side, a 

demultiplexer (DEMUX) and clock and data recovery (CDR) circuits reconstruct the 

clock and de-multiplex the data to several channels. Figure 99 shows the block diagram 

of a 4:1 MUX. Three 2:1 MUXs are used to build up the recursive tree to multiplex four 

channel streams into a higher data rate output channel. Frequency dividers are used to 

provide half the frequency of the input clock as the frequency that the 2:1 MUX receives 

from the incoming data streams. Figure 100 shows the block diagram of a 1:4 DEMUX. 

 

 

 

 

 

 

 

 

 

 

 

 

 

1011 1011 

CDR 

Transmission media 

DEMUX MUX 
From different 
channels 

To different 
channels 

Figure 98 Structure of a serial data transmission system. 
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A conventional tree-type structure has been adopted. The higher data rate data 

stream is applied to its inputs and separated by the rising and falling edges of the clock 

applied to the 1:2 DEMUX. After two DEMUX stages, the 4 channel data streams are 

completely separated. Figure 101 shows the timing diagram of the inputs and output of 

the 4:1 MUX. The data rate of the output is four times faster than the input. Figure 102 

shows the input and output timing diagram of the 1:4 DEMUX. 

 

8.2 Four-channel MUX and DEMUX implemented by BC cells 

8.2.1 Four channel MUX (4:1 MUX) 

Figure 8.6 shows the schematic of the 4:1 MUX implemented using BC cells. The 

complete 4:1 MUX is implemented by three 2:1 MUX modules (A, B and C). First, the 

2:1 MUX module (Module A, B and C) will be explained. For example, in module A, 

Figure 99 Block diagram of the 1:4 

DEMUX.

1:2 
DEMUX 

1:2 
DEMUX 
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CLKB1/2 CLK  
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CH1 
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CH2 
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CH3 
CH3B 
CH4 
CH4B 

Figure 100 Block diagram of the 

4:1 MUX with hierarchal 

CH1 CH2  CH3 CH4 

CHx  
T 

4T 

Data input 

Output 

Figure 102 Timing diagram of the 4:1 

MUX (x represents 1, 2, 3 and 4).  

CH1 CH3  CH2 CH4 
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CHx  
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Figure 101 Timing diagram of the 

1:4 DEMUX. 
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the first two BC cells are configured to perform the D-FF function to align the timing of 

the data streams with the select signal stage (CLK1). 
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Figure 103 Block diagram of the 4:1 MUX implemented by the BC cells.

CH1           CH2 

CH1  

T 

2T 

Input 1 

Output 

CH2  

SEL-CH1  SEL-CH2   

Input 2 

½ CLK 

Figure 105 Timing diagram of the first 
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Figure 104 Timing diagram of the 

second 2:1 MUX stage in the 4:1 MUX. 
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The BC cell on the right of Module A is configured to be a multiplexer and D-FF. 

When the select signal (S) is high (Sb is low), the multiplexer selects the CH1 (CH1_b) 

or CH2 (CH2_b) data streams. When S goes low (Sb goes high), the multiplexer selects 

the CH2 (CH2_b) input data stream. In order to align the timing of the multiplexed data 

streams, the clock connected to Module B is inverted. By inverting it, the outputs data 

streams after selecting can be offset by 90o. Then, both outputs of the module A and B 

are passed to module C. In module C, the clock signals (CLK and CLK_b) of the D-FF 

are two time faster than the clock applied to the previous Modules. The timing diagram 

of the 2:1 MUX Module A and B is shown in Figure 104. Figure 105 shows the timing 

diagram of the 4:1 MUX.  
 

8.2.2 4-channel DEMUX  

The detail block diagram of the 1:4 DEMUX implemented with the FPGA is shown in 

Figure 8.9. The higher speed data stream is latched by the first BC in the latch stage. 

Then in the first DEMUX stage, the first and the third data packets are sorted out to the 

upper BC cells by the rising edge of the clock and the second and the forth packets are 

sorted to the lower BC cells by the falling edge of the clock. In order to fix the 

misalignment caused by the different clock edges, an additional BC cell configured as a 

D-FF is added to offset the rising edge selected signals by 90o to align with the falling 

edge of the selected signals. After aligning two channels, the data streams are passed to 

the third stage to do another DEMUX process. 

Figure 108 shows the timing diagram of the latch stage and first DEMUX stage. 

From it, the input data stream has a period of T. CH1 and CH3 are latched by the rising 

edge of the coming clock (period of T) and CH2 and CH4 are latched by the falling edge 

of the clock. Since the latched data has 90o offset, another D-FF implemented by a BC 

cell is used for time alignment. From Figure 109, the outputs of the first DEMUX stage; 

i.e. the CH1-CH3 data streams are latched with the clock after the frequency divider of 

the previous stage clock (T). Thus, different channel data can be de-multiplexed out. 
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Figure 106 Block diagram of the 1:4 DEMUX implemented by the BC cells. 

Figure 108 Timing diagram of the second 

1:2 DEMUX stage in the 1:4 DEMUX.    

4T 

CH1          CH3 

2T

Stage 2 
Output A 

CH1  

 CLK2 

2T 

CH3  

CH1 (or CH2)  
Output 

CH3 (or CH4)  
Output 

Input  

2T 

2T 

T 

2T 

CH2           CH4

CH1 CH2  CH3  CH4

CH1           CH3 

CH1           CH3 

CLK1 

Stage 2 
Output A’ 

Stage 2 
Output B 

Stage 2 
Output A 

Figure 108 Timing diagram of the 

first 1:2 DEMUX stage in the 1:4 



 

 89

8.3 Chip implementations  

8.3.1 Self-test with Linear Feedback Shift Registers (LFSR)  

Limited by the available test equipments, built-in self test (BIST) techniques are  

needed to test the whole design. The most widely used self-test technique today employs  

 

 

 

 

Figure 109 Pseudorandom binary sequences. 

 

 

 

 

 

 

 

Figure 110 Schematic of a four bit linear feedback sequences register (LFSR). 

built-in stimulus sources based on linear feedback registers (LFSRs). [8.2], [8.3], [8.4]. 

To generate mentioned waveforms, Pseudo-random binary sequences (PRBSs) are 

commonly used in BIST. An LFSR, shown in Figure 110, generates a repetitive pattern 

that consists of a random sequence of bits to the test circuits. An LFSR is a state 

machine composed of a shift register with the signal from its output fed back through an 

EX-OR gate to its input.  If an LSFR is initialized to a non-zero value and its serial input 

is tied off to logic zero, and if the feedback taps correspond to a primitive polynomial, 

the cycle by cycle transition of states goes through all possible combinations, except the 

all-zero state in a pseudo-random order. 
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Figure 111 LFSR outputs with the input clock frequency at 2.5 GHz (DEMUX) 

 

Figure 112 LFSR outputs with the input frequency at 10 GHz (MUX). 

Figure 110 shows the schematic of the four bit LFSR. It generates 15 (24-1) states in 

each pattern. When an oscillator with a period of T is connected to it, it generates a 

pattern with a period of 15T. The RST signal is applied to prevent the all zero outputs 

case from happening. Figure 111 shows the simulated waveforms of the LFSR. The 

LFSR is triggered by an oscillator which has a period of 400 ps (2.5 GHz). The output 

400ps

100ps 

400ps

100ps 
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waveforms of CH1~ CH4 have the same bit pattern of 101001101110000. Another 

simulated result is shown in Figure 112. The input clock frequency is set to 10 GHz. 

Based on the simulation; this LFSR can properly react to frequencies higher than 10 

GHz. It is a good test pattern for the 4 channel DEMUX which has an input transmission 

rate at 10 Gbps.    

 

8.3.2 4:1 MUX implementation 

Figure 113 shows the routing schematic of a 4:1 MUX with a tree architecture, where 

the building elements are a recursive series of 2:1 MUX modules shown as a dashed 

block. It takes four channel data streams (CH1 ~ 4) with a half rate input clock to create 

the final 4:1 MUX outputs in this case. From the previous paragraphs, the input data 

frequency with which the SiGe FPGA can deal is up to 10 GHz. With this the goal 

 
 

 

of the 4:1 MUX is generating a 10 Gbps multiplexed output data stream. The inputs of 

all data streams (CH1 - CH4) are generated by an LFSR with a 2.5 GHz clock source 

generated by the VCO. In the 4:1 MUX, the clock signals (CLK) are two times faster 

Figure 114 Layout of the small SiGe 

FPGA implemented with the 4:1 MUX. 
Figure 113 Schematic of the 4:1 MUX 

implemented in the SiGe FPGA.
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than the clock (1/2 CLK) applied to the previous modules. Both clocks are also 

generated by the VCO. The first two Basic Cells in the 2:1 MUX module are configured 

to perform D-FF functions that align the timing of the data streams to the slower clocks 

(1/2 CLK). The right side Basic Cell is configured to be a multiplexer and a D-FF to 

select different data streams and align to the next stage timing (CLK). When the select 

signal S is high, the multiplexer selects the CH1 data stream. When S goes low, the 

multiplexer selects the CH2 data stream. In order to align the timing of the multiplexed 

data streams, the clock connected to the top of the 2:1 MUX Module is inverted. Thus 

the phase of the output data stream can be offset by 180º. Then both outputs of the 2:1 

MUX modules are passed to the next module. A small SiGe FPGA is configured to be 

the 4:1 MUX. Seven BC cells are used to implement this 4:1 MUX. Figure 114 shows 

the layout of the SiGe FPGA implementation of a 4:1 MUX.  

 
 

 

 

Figure 116 Layout of 1:4 DEMUX 

implemented by the SiGe FPGA (8 

Basic Cells).

Figure 115 Schematic of the 1:4 

DEMUX implemented by the SiGe 

FPGA. 
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8.3.3 1:4 DEMUX implementation 

Figure 115 shows the block diagram of the 1:4 DEMUX implemented by 8 BCs. It 

receives a full-rate differential data stream and outputs four parallel data streams. Like 

the 4:1 MUX, the 1:4 DEMUX also uses a tree-architecture with a recursive series of 1:2 

DEMUX stages in which every stage uses latches to de-multiplex and align the data 

streams with the clocks generated by the VCO. The input high speed data stream (10 

Gbps) is latched by the first BC cell in the first DEMUX stage to align with the CLK (10 

GHz). Using the rising and falling edges of the clock (CLK), the input is de-multiplexed 

into two different data streams. Then the separate streams are passed to the second 

demultiplexer stage to separate them again into four different output data streams. 116 

shows the layout of the small SiGe FPGA programmed as a 1:4 DEMUX. 

 

8.4 Simulation and measurement results of the 4:1 MUX and 1:4 
DEMUX 

8.4.1 4:1 MUX simulation results and power consumption calculation 

The simulation results of the 4:1 MUX are shown in Figure 117. The input data streams 

are generated by the LFSR whose outputs are triggered by the 2.5 GHz clock generated  

 

Figure 117 Simulation result of the 4:1 MUX. Inputs: CH1: 1010011, CH2: 

0010100, CH3: 0101001 and CH4: 0001010. Output: 0010-1000-0011-1100-0001-

0110 

400
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by the built-in VCO. The output transmission rate is 10 Gbps. Figure 118 shows the eye 

diagram of the SiGe 4:1 MUX. Regarding the power consumption of the 4:1 MUX, 

since the power saving scheme is used, the calculation of the total power consumption 

depends on the real implementation. From the schematic, there are 5 and 2 Basic Cells 

configured for Case I and Case II shown in Table 9 respectively. Therefore, the total 

power consumption of the implemented 4:1 MUX based on Eq-5.2 is 146.3 mW. 

 ( ) mWmWP MUX 3.146%482%43504.471:4 =×+××=       Eq 8-1 

 

8.4.2 1:4 DEMUX simulation results and power consumption calculation 

Figure 119 shows the simulated output waveforms of the 1:4 DEMUX. The input test 

pattern is generated by an LFSR triggered by the 10 GHz VCO. The period of the output 

waveforms is 4 times larger than that of the VCO. The detailed data patterns of the input 

and outputs are shown below.  

 

 

Figure 118 Simulated output eye-diagram of the implemented 4:1 MUX. 

 

When we calculate the power consumption of the 4 channel DEMUX, there are 6 

and 2 Basic Cells configured as Case I and II.1 respectively. Based on the same 

equation,  
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 ( ) mWmWP DEMUX 52.166%482%43604.474:1 =×+××=       Eq 8-2  

the total power consumption of the BCs is 166.5 mW. The output pad power 

consumption is 28 mW (1 output with a reference current equal to 10 mA). The total 

estimated power consumed is 195.5 mW. 

   

Figure 119 Simulation result of the 1:4 DEMUX. DEMUX-input: 

1010011011100001010011011100. Outputs: CH1: 1 0 1 0 0 1 1; CH2: 0 1 1 0 1 1 1; 

CH3: 1 1 1 0 0 0 0; CH4:0 0 0 1 0 1 0 

 

Figure 120 1:4 DEMUX simulated output eye-diagram. 

480mV

400ps
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8.4.3 8HP MUX-DEMUX (pseudo-SERDES) 

From the simulation results, the SiGe FPGA has demonstrated that it runs in the GHz 

range. To further explore the SiGe FPGA’s performance, a 4 x 4 BC array SiGe FPGA 

has been designed with the IBM 8HP kit. It is programmed to be a 4 channel MUX-

DEMUX (pseudo-SERDES). The same VCO used in the 7HP SiGe FPGA is fed as the 

clock source to this 8HP design. Figure 121 shows the simulation result of the 4:1 MUX 

block with a transmission rate of 28.6 Gbps (35 ps/bit). Figure 122 shows the simulation 

result of the 1:4 DEMUX block. From both simulation results, the 1:4 DEMUX block 

has successfully de-multiplexed the input data streams from the 4:1 MUX. This 

demonstrates that the pseudo-SERDES can successfully operate at the transmission rate 

of 28.6 Gbps (simulation). 

 

 

Figure 121 Simulation result of the 4:1 MUX in the pseudo-SERDES implemented 

with the IBM 8HP FPGA. 
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Figure 122 Simulation result of the 1:4 DEMUX in the pseudo-SERDES 

implemented with IBM SiGe 8HP FPGA. 

8.5 Chip measurements of the 4:1 multiplexer, 1:4 de-multiplexer and 
pseudo-SERDES  

The fabricated FPGA designed with the IBM 7HP process is shown in Figure 123. First, 

the VCO’s operating range has measured and the results are shown in Figure 124 along 

with the VCO’s simulated operating range around 9~16 GHz centered at 12.5 GHz. The 

measured results show an operating range in 8~12 GHz centered at 10 GHz. In the 8HP 

chips, the VCO is designed to run in the range of 16~25 GHz and centered at 20 GHz. 

Figure 125 shows the waveforms of the VCO running at 10 GHz  in the 7HP FPGA 

chips. 

The simulated 4:1 MUX output eye-diagram were presented earlier [8.5]. These 

results compares favorably to the measured result shown in Figure 126 whose 

transmission rate is 8 Gbps, which is 80% of the simulated transmission rate of 10 Gbps. 

Figure 127 shows the same chip with the supply voltage set to 2.5 V (0.75 mA). Its 

waveform is worse than the one shown in 126. This can be justified by the wiring delays 

and general parasitics. After adding a delay element described in chapter 3, the 

transmission rate of the 4:1 MUX can reach 9.8 Gbps (104 ps) as shown in Figure 128. 

DEMUX input (MUX block output) 

CH1 Output 

CH2 Output 

CH3 Output 

CH4 Output 
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Figure 123 Micrograph of the fabricated FPGA chip (IBM 7HP). 

 

 

 

Figure 124 Simulated and measured VCO frequency with an applied voltage range 

of 0.7 to 1.2 V. 
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Figure 125 Measured waveform of the VCO (7HP) with the input voltage at 0.85 V 

and output frequency at 10 GHz. 

 

 

Figure 126 Measured eye diagram of the 4:1 MUX implemented by SiGe FPGA 

with a 125 ps period (8 Gbps). 

100ps

VCO output 

VCO output 

divided by 8400ps

125ps 700mV 
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Figure 127 Measured output eye-diagram of the 4:1 MUX (IBM 7HP), which shows 

a transmission rate of 8 Gbps. 

 

 

Figure 128 Measured output eye-diagram of the 4:1 MUX (IBM 7HP), which shows 

a transmission rate of 9.8 Gbps at 3.14 V, 1.14 mA. 
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Figure 129 Measured eye-diagram of the 4:1 MUX (7HP) operating at 3.4 V and 

1.27 mA. Its period shows that it runs at 11 GHz (90 ps). 

 

When the frequency of the VCO is increased to 11 GHz, the output eye-diagram starts to 

distort. Its measurement is shown in Figure 129. 

Figure 130 shows the fabricated SiGe FPGA programmed to be a 1:4 DEMUX. The 

LFSR is triggered by a VCO.  One output of the LFSR is fed to the DEMUX. Simulated 

results of the test chip have been described in a previous chapter which shows that this 

DEMUX runs at 10 GHz. Figure 131 shows one of the outputs of the 4:1 DEMUX. After 

de-multiplexing the input stream, the output channel has a pattern of 11101011001000, 

whose period is 6.6 ns. Therefore, each bit of the output stream is 440 ps (2.27 GHz). 

 

90 ps

780mV
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Figure 130 Chip micrograph of the small SiGe FPGA programmed to be a 1:4 

DEMUX. Its dimension is 1710 µm x 1720 µm. 

 

Figure 131 Measurement result of the 1:4 DEMUX. It runs at 3.1 V and 0.92 mA. 

Its bit pattern is labeled on the waveform. 
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Unfortunately, the SiGe FPGA MUX and DEMUX cannot reach the speed of a custom 

designed MUX-DEMUX ASICs, such as SERDES. Since the FPGA should be a general 

purpose wide-band circuit, some design techniques such as Cherry-Hooper amplifiers 

and peaking inductors were not used. However, when the SiGe FPGA is programmed as 

a MUX or DEMUX for comparative purposes, it is shown that the performance of the 

SiGe FPGA far exceeds that of CMOS FPGAs. 

 

Figure 132 Output eye-diagram of the 1:4 DEMUX programmed with SiGe FPGA. 

 

Figure 133 Waveforms of the CLK and CLK/4 used in the 4:1 MUX programmed 

by Xilinx Virtex FPGA. The frequency of CLK is around 110.8 MHz. 
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8.6 Performance comparison between SiGe and CMOS FPGAs 

To compare the performance of the SiGe FPGA and CMOS FPGAs, the structures used 

in the SiGe FPGA are programmed to the CMOS FPGA. The same structure used to 

program the SiGe FPGA as a 4:1 MUX and a 1:4 DEMUX was implemented on a Xilinx 

Virtex FPGA protoboard [8.6]. The Virtex FPGA adopted a newer structure to provide 

better performance and more I/Os to users. Xilinx Foundation 2.1 is used to synthesize 

and implement the 4:1 MUX and 1:4 DEMUX structure on the protoboard. 

 

 

Figure 134 Output waveform of the 4:1 MUX implemented by the Xilinx Virtex 

FPGA. The opening of the eye diagram is around 9.22 ns (108.5 MHz). 

 

8.6.1 Performance comparison I: 4 to 1 Multiplexer (4:1 MUX) 

The same 4:1 MUX structure is programmed on the Xilinx Virtex FPGA. To 

synchronize the whole circuit, an external clock generated with a function generator is 

used. The frequency of the external clock is raised from 110.8 MHz. Figure 133 shows 

the waveforms of CLK and CLK/4 used in the Xilinx Virtex FPGA. Figure 134 shows 

the eye-diagram of the 4:1 MUX runs at 108 MHz. The operating frequency is gradually 

increased to 188 MHz. It is observed that the opening of the output eye-diagram of the 

4:1 MUX is narrower. While the output data was verified, the 4:1 MUX starts to loose 
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bits. From the above measurement results, the fastest frequency that can be applied to 

the MUX is 188 MHz.   

 

 

Figure 135 Measured eye-diagram of the 4:1 MUX running at 188 MHz. 

 

 

Figure 136 Output data stream of the 1:4 DEMUX implemented with Xilinx Virtex 

FPGA. Its output pattern is 100011110101100 with each bit has the period of 19.77 

ns.  
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8.6.2 Performance comparison II: 1 to 4 De-multiplexer (1:4 DEMUX) 

The same test strategy is applied to the 1:4 DEMUX. The highest frequency at the input 

of the 1:4 DEMUX runs at 202 MHz (50.6 MHz x 4 = 202.4 MHZ). Figure 136 shows 

the output data stream of the DEMUX. From it, one can observe the output pattern is 

1000111101 01100. Any frequency higher than it will generate erroneous bits (output 

pattern). Figure 137 shows the output eye-diagram of the 1:4 DEMUX implemented 

with the Xilinx Virtex FPGA. 

 

 

Figure 137 Output eye-diagram of the 1:4 DEMUX which runs at 202 MHz. 

 

8.6.3 Power consumption comparison between SiGe and Xilinx Virtex FPGA 

To calculate the total power consumption of a design implemented by the Xilinx FPGA, 

Xilinx provides a web based work sheet (V1.5) to estimate this [8.7]. Its power 

consumption estimator is based on the design’s resource usage, toggle rates and other 

factors. The information required by the work sheet is listed in Table 18. Based on the 

calculated result, the 4:1 MUX implemented by the Xilinx Virtex FPGA has a power 

consumption of 61 mW and the 1:4 DEMUX has a power consumption of 79 mW. 
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Compared to the power consumption of the SiGe FPGA implemented with same 

designs, the power consumption of the 4:1 MUX implemented by the SiGe FPGA is 2.4 

times larger at 61mW and the 1:4 DEMUX is 1.83 times larger at 79mW than the CMOS 

FPGA’s power consumption. These calculated results are summarized in Table 19. 

Table 18 Table of the operational parameters of the CMOS FPGAs. 

 Total 

estimated 

design 

power 

(mW) 

Estimate 

design 

power 

(VCCINT) 

2.5 V 

Estimated 

design 

power 1.5 

V 

Device 

quiescent 

power 

(mW) 

Frequency 

(MHz)  

Average 

Toggle 

rate 

4:1 

MUX 

53 41 0 12 160 30% 

1:4 

DEMUX 

79 50 21 8 170 75% 

 

Table 19 Comparison of the performance and power consumption of the SiGe and 

CMOS FPGAs. 

 Tx rate Power consumption 
(mW) 

# of CLB used

4:1 MUX  
(SiGe FPGA) 

10 Gbps (output) 146.3 7 

4:1 MUX  
(Virtex) 

183 Mbps (output) 
(Input clock: 183 MHz) 

61 7 

1:4 DEMUX  
(SiGe FPGA) 

2.5 Gbps (output) 
(Input: 10 Gbps) 

166.52 8 

1:4 DEMUX  
(Virtex) 

45.5 Mbps (output) 
(Input clock: 182 MHz) 

79 8 
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9. 20 x 20 SiGe FPGA debugging and the new 16 x 16 SiGe FPGA 

A 20X20 FPGA was sent for fabrication in 2003. The fabricated 20 x 20 FPGA chip was 

tested when it returned from fabrication at the end of year 2004. All measurements 

indicated the power rails were shorted to each other. This in turn caused failure of 

several test circuits including memory, basic cells (BCs). The chip was taken up for 

debugging to fix the problems noticed while testing. The whole circuit design had to be 

reviewed and checked again.  

 

9.1 Bugs identified in the 20x20 FPGA chip 

While designing the 20 x 20 FPGA, several problems were encountered. First, the 

software check tool could not deal with such a big chip. DIVA tools were used [9.1]. It 

provides integrated checking for cells, blocks, and smaller chips. However, it is very 

difficult for Diva to perform checks chips as big as the 20x20 SiGe FPGA. It took 22 

hours to finish the DRC check and the Extraction (EXT) failed all the time in the Diva 

simulation environment. Thus, the chip was designed with the Layout versus Schematic 

(LVS) unchecked.  

Another problem was that all the team members did not have updated layout files at 

all times. When we fixed the 20x20 SiGe FPGA, I noticed there were many shorts 

between M1-M2 power rails and AM power rail. One of the shorts is shown in Figure 

138. The M1-AM via marked by white block connects the M1 and M2 power rails in the 

BC to the AM power rails. It is observed that the M2 Vee power rails was connected to 

the M1-AM via and shorted to the AM Vcc rail. Other similar cases were observed in the 

layout. The M1-AM vias in the power rail was also shorted to the clock distribution in 

the FPGA core. This shorted the clock to Vcc or Vee.  

 

9.2 Solutions to the Extraction and LVS problems 

When the check tool started to perform the LVS check, at first, it failed because the 

schematic was not created correctly. Some input and output pins were missing. The 

problems couldn’t be identified with diva. 
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Figure 138 Layout of the short circuit in the 20x20 SiGe FPGA. The short point is 

on the M1 to AM vias which shorts the Vcc power rail (M1, horizontal direction) 

and the Vee power rail (M2, Vertical direction). 

 

Using the Assura tools suite solved this issue. The Assura physical Verification 

Tool Suite includes  

1. Assura DRC: It checks the layout against geometric spacing, width, and other 

rules. 

2. Assura LVS: It extracts devices and connectivity from the layout according to 

device extraction rules, then creates a layout netlist according to netlist rules. 

Finally it compares the layout netlist to the schematic netlist according to 

comparison rules. 

M1 to AM vias

M1

Vee power 

Vcc power 

Short 
point  
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3.  Assura RCX: Assura RCX (Resistance, Capacitance and Inductance Extraction) 

extracts parasitic resistance, capacitance and inductance from the layout for 

analysis and input to post-layout simulators. 

 

Assura is optimized for large, hierarchical, repetitive designs such as memory, 

microprocessor, and mixed-signal circuits. It uses auto-adaptive technology to verify 

chips without knowledge of the layout hierarchy. This software analyzes the interior of 

each cell in detail once and applies the result to each instance of the cell in the design. 

Cell-to-cell configurations such as touching, overlapping, or nesting are handled 

automatically and efficiently. 

 It is worth to note when Assura is used to perform LVS check, a circuit designer 

does not have to generate a corresponding extracted file. It saves a lot of time on 

checking the circuits and disk space. Comparing the performance of the Assura to 

DIVA, Assura takes 23 minutes and DIVA takes 6 hours to finish the new 16 x 16 

FPGA DRC checks. Similar performance improvements are also observed in the LVS 

check.  

 

9.3 Modified SiGe FPGA - 16 x 16 BC FPGA 

I estimated that it would take more than two months just to identify and fix each of the 

problems in the layout. Since there are many such problems in the 20 x 20 SiGe FPGA, I 

decided to create a fresh chip instead of attempting to fix the old chip. Most of the 

designs follow the original designs used in the 20x20 FPGA. The modifications in the 

new chip focused on solving the listed problems. After finding out the reasons that 

caused the shorts, a new layout plan is proposed to achieve a successful design. The first 

modification is to include the AM power rails in the BC.  

In the previous design, the AM power rails were placed after the 20 x 20 BC array 

was finished. More vias between M1-AM had been placed between the M1-M2 and AM 

power rails. This caused the shorts. It had increased the complexity of the layout. The 

M1-AM via was the main reason for the short between Vcc and Vee.  In the new layout 

plan, the AM power rails are placed in the BC. Since an FPGA is composed of 
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repeatedly placed BC, we just connect each AM power rail in a BC to its neighbors. The 

new layout of the BC with the AM power rails is shown in Figure 139. The layout plan 

is also applied to the 4 x 4, 8 x 8 and 16 x 16 BC arrays. Figure 140 shows the layout of 

a 4 x 4 array. By connecting the AM power rails in each BC, the AM power rails can be 

finished easier. The 8 x 8 and 16 x 16 AM power rails layouts follow the same method. 

Figure 141 and Figure 142 show the AM power rail layouts.   

 

 

Figure 139 AM power rail layout in a BC with the width of 100 µm. 
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Figure 140 AM power rails layout in the 4 x 4 BC array. 

 

Figure 141 Power rails of the 8 x 8 SiGe BC array. 
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Figure 142 Power rails of the 16 x 16 SiGe BC array. 
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9.4 Clock distribution 

In the 16 x 16 FPGA, the symmetrical structure makes the layout of a clock distribution 

much easier.  Based on the simulation results in the previous chapter, the designed clock 

tree is used in the new 16 x 16 FPGA with minor changes. The clock distribution is 

shown in Figure 143, which is the same with the clock tree in the 16 x 16 array of the 20 

x 20 FPGA. 

 

 
 

 

 

 

 

Figure 143 Clock distribution of the 16 x 16 SiGe FPGA. 
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9.5 Pin assignments of the 16 x 16 FPGA 

Figure 144 shows the pin arrangement of the new 16-pin probe. There are 4 low speed 

signal pins and 6 high speed pins. To avoid cross talk among the signals and from other 

noise sources, the high speed probes are placed between power pads.  Figure 145 shows 

the power probe to deliver power to the 16 x 16 FPGA. It has 10 pins on it. Among 

them, there are 4 pairs of Vcc-Vee pins and 2 low speed signal pins on both ends. Each 

power pin can deliver 1A. The total current of each power probe can deliver 8A. Since 

there are two power probes, the total current delivering to the 16 x 16 FPGA is 16A. The 

detail specification of the test probes can be found in the www.ggb.com. Figure 146 

shows the final 16 x 16 FPGA layout with the power rails. 

 

 

 

 

 

 

 

 

 

Figure 144 Pin arrangement of the 16-pin probe used in the 16 x 16 SiGe FPGA. 

  

 

 

 

 

 

 

 

Figure 145 Pin arrangement of the 10-pin power probe used in the 16 x 16 SiGe 

FPGA. 

P Power pad 1 
Vcc!

S Signal pad G Power pad 2 
Vee! 

10 pin probe 

S P G P G PG G P S

Low speed 
signal pins 

Low speed 
signal pins 

16 pin probe 

S S P S S P G PG S S G S S S S

P Power pad 1 

Vcc!
S Signal pad  G Power pad 2 

Vee! 

Low speed 
signal pins 

Low speed 
signal pins

High speed 
signal pins 

High speed 
signal pins 

High speed 
signal pins 

     



 

 116

 

 

 

 

 

 

Figure 146 Revised Layout of the 16 x 16 SiGe FPGA with input / output and 

power pads. 
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9.6 16 x 16 SiGe FPGA test plan 

To demonstrate functions of the 16 x 16 FPGA, a test plan has been developed. With the 

limited signal pins, the test plan is divided into two parts, the high speed and low speed 

part.  

 

9.6.1 Test plan of the high-speed part in the new FPGA 

The main purpose of the high-speed part of the chip shown in Figure 147 is to test the 

GHz signals and data generated by the SiGe BCs. To use the Built-in Self-Test (BIST) 

technique, an LFSR (Linear Feedback Shift Register) is added to provide a build-in 

signal source. An n bit LSFR will cycle through 2n-1 states before repeating the 

sequence. In the 16 x 16 FPGA, a 4-bit LFSR is used. The outputs of the LFSR are 

connected to the north inputs of the 4 x 4 block on the top-left corner. To provide the  

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

Figure 147 Test circuitry of the 16 x 16 SiGe FPGA. High speed input and output 

signals. 
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sampling signals to the scope, an additional circuit is needed as a trigger signal to the 

sampling scope. To make sure all blocks can be tested, the outputs in each 8 x 8 array 

are routed to external pins. 

 

 
 

Figure 148 Pin assignment of the high speed (> 10 GHz) signals. 

1 and 2: Outputs of the first 4 x 4 array on the top-left corner. 

3 and 4: Outputs of the top-left 8 x 8 array. 

5 and 6: Outputs of the top-right 8 x 8 array. 

7: Outputs of the LFSR trigger. 

8 and 9: Outputs of the bottom-left 8 x 8 array. 

10: Outputs of the VCO trigger (fVCO/64). 

11 and 12: Outputs of the bottom-right 8 x 8 array. 
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Additional inputs, X1 and X2 are added to provide more input resources. All signals are 

shown in Figure 147. Figure 148 shows the pin arrangement of the high-speed signals of 

the 16 x 16 FPGA. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 149 Input / Output arrangement of the programming data. 

9.6.2 Test plan of the low speed part in the new FPGA 

The main purpose of having the low signal test part is test the CMOS clock tree and 

programming circuits. Figure 149 shows the low speed signal test plan. The data outputs 

1~11, of the 4 x 4 and 8 x 8 arrays are routed to the external pins to make sure the 

programming circuits work well. The tapered buffer is used to drive the output to the 

pins. In general, one can always add inverters to the end of a path without changing its 

function. From the calculation results derived from text books  

 

 

 

 

Figure 150 Schematic of the tapered buffer driving a 180 µm wire 
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[9.2], the sizes of the inverters in the tapered buffer are incremented 4 times compared to 

its previous stage. Figure 150 shows the tapered buffer used in the data path of the 

programming circuits. Figure 151 shows the pin assignment of the low speed signals of 

the 16 x 16 FPGA. 

 

 

Figure 151 Pin assignment of the low speed (> 1 GHz) inputs and outputs. 

1: Data output of the first two rows in the top-left 4 x 4 array. 

2: Data output of the second two row of BC in the top-left 4 x 4 array. 

3. Programming circuit: CLR 

4. Programming circuit: WR_BAR. 

5. Data input. 

6. Low speed external input signal. 

7. Data output of the top-right 8 x 8 array. 

8. Data output of the bottom-right 8 x 8 array. 

9. CLK of the programming circuit. 
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9.7 Verifying the 16 x 16 SiGe FPGA; Design Rule Check (DRC) and 
Layout Versus Schematic (LVS) 

While the previous chip was designed and laid out by 3 PhD students, I managed to 

finish the second 16 x 16 SiGe FPGA by myself in a short span of 2 months. During this 

period of time, all the designs have been reviewed. Some of them were modified or 

replaced. It was very important to pass the verification cycle to guarantee the layout is 

the same with the schematic.  

 

 

Figure 152 Design Rule Check (DRC) of the 16 x 16 FPGA has passed. The error 

messages start with ‘#’ can be ignored. 
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As mentioned earlier in this chapter, Assura has been used in the circuit 

verifications. After a lot of debugging and fixing the problems in the previous chip, the 

final layout has passed the DRC and LVS checks. Figure 152 shows the result of the 

DRC check. The ‘#’ sign shown in the DRC window indicates those design “errors” can 

be ignored. In the other word, there are no official DRC errors targeted. Figure 153 

shows the LVS check of the 16 x 16 FPGA. In the LVS window, it shows “Schematic 

and Layout Match”. The 16 x 16 FPGA has passed the verifications required in the 

circuit design procedures. 

 

 

Figure 153 Layout Versus Schematic (LVS) check result of the new 16 x 16 SiGe 

FPGA. 
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9.8 Test procedure 

To test the CMOS programming circuits, a CMOS FPGA with memory 

programmed by its software can be used to generate the required signals. Figure 154 

shows the test blocks that used in the SiGe FPGA test. The data stream of the SiGe 

FPGA can be generated before storing to the memory in the CMOS FPGA. The data 

stream is passed to the FIFO to synchronize with the CMOS_CLK and shift out the data 

stream to the Data_in of the programming circuits in SiGe FPGA.  

 

 

 

 

 

 

 

 

Figure 154 Test blocks on programming the SiGe FPGA configuration with a 

CMOS FPGA.  

 

9.8.1 Test the programming circuits 

For the test purpose, the first 4 x 4 array is very important, since it is the first 4 x 4 array 

that the test signals including the LFSR and external inputs (X1 and X2)  While testing 

the 16 x 16 SiGe FPGA 

a. Procedures to test the shift register in the programming circuits. 

1. Power up the SiGe FPGA. 

2. Set the CLR to Vcc (0 V). This will keep all data stored in the shift register to be 

‘0’. The FPGA core can be disabled to avoid sinking too much power. 

3. Set the WR_Bar  to Vcc (0V) to prevent data from writing to the memory and the 

FPGA core. 
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4. Start to shift out the data stream in the FIFO to the FPGA core. To shift the data 

stream to the last BCII cell in the FPGA core, it requires 10752 cycles (42 x 16 x 

16 = 10752 cycles) to finish the programming procedure.  

5. Verify all data outputs shown in Figure 9.12 to make sure the shift register works 

well.  

 

b. Procedures to test programming the FPGA core. 

1. Power up the SiGe FPGA. 

2. Set the CLR to Vcc (0 V). This will keep all data stored in the shift register to be 

‘0’. The FPGA core can be disabled to avoid sinking too much power. 

3. Set the WR_Bar  to Vcc (0V) to prevent data from writing to the memory and the 

FPGA core. 

4. Start to shift out the data stream in the FIFO to the FPGA core.  

5. When the data stream reaches its position, the CMOS_CLK should be disabled.  

6. Set the WR_Bar to be Vee (-2.5 V). The data in the shift register is stored to the 

memory and programs the FPGA core.  

7. Verify the logic function through the outputs of the high speed data outputs 

shown in Figure 9.10. 

 

c. Procedures to test the FPGA core functions. 

1. Start the procedures shown in the test programming the FPGA core.  

2. Route the LFSR outputs in the first 4 x 4 array to the FPGA core programmed to 

be a buffer chain. Verify the data stream in all high speed signal outputs in the 

FPGA core. 

The pipelined adder and MUX-DEMUX can be implemented in the first 4 x 4 array 

and compare to the results shown in Chapter 8. 
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10. Other applications 

After verifying the performance of the SiGe FPGAs, other potential applications of this 

chip were attempted. From the previous chapters, the most attractive advantage of the 

SiGe FPGA is that its operating frequency is in GHz range. Measurements have 

demonstrated it without using any auxiliary components or circuits. However, its 

disadvantage is its huge power consumption, which prohibits it from scaling its scale. 

Base on these facts, the role of the SiGe FPGA should be limited to smaller circuits 

where high speed is essential.  

 

10.1 Application 1: High speed reconfigurable system 

Figure 155 shows the block diagram of a potential high speed application. In this system, 

the high speed front end, which can be a SERDES or other data receiver, receives signals 

from external sources. After receiving the data, the SiGe FPGA can handle the primitive 

logic operations and the results can be delivered to the lower speed FPGA by using the 

multiplexing technique. The high-speed signals can be de-interleaved into slower speed 

streams which are fed into a CMOS FPGA to perform any complicated operation, for 

example a DSP operation, and then de-interleaved by the  

 

 

Figure 155 Proposed high speed reconfigurable system. 
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SiGe FPGA back into a high data rate data stream at the high speed back end. The high 

speed back end delivers data to external systems by transmitters. The system merges the 

high-speed characteristics of the SiGe FPGA and the complexity of a CMOS FPGA to 

perform the high speed calculations without using an expensive semiconductor process 

or complex circuit techniques. 

 

10.2 Application 2: High performance Peripheral Interface (HIPPI) 

High performance peripheral interface (HIPPI), a high speed networking standard, 

provides a 10 times greater bandwidth than Ethernet. It is a simplex channel capable of 

transferring data in one direction only. Two HIPPI channel may be used to implement a 

full-duplex channel. The HIPPI is a point-to-point channel that does not support multi-

drop. The point to point limitation considerably simplifies the electrical and protocol 

aspects of the HIPPI. Crossbar switches and other networking methods are being 

considered to achieve the equivalent of multi-drop. An addressing mechanism is 

included to support these networking concepts. The HIPPI provides supports for low 

latency, real time and variable-size packet transfers. The signal sequences provide look-

ahead flow control to allow the average data rate to approach the peak data rate, even 

over distances of tens of kilometers. This is good for future extensions.  The HIPPI uses 

a parallel data path with copper cables to achieve 800 Mbps (32 bits) and 1600 Mbps (64 

bits). Data transfers and flow control are performed in increments of bursts, with each 

burst normally containing 256 words (1024 or 2048 bytes). Figure 156 shows a high 

speed HIPPI network [10.1]. The HIPPI switch is connected to five supercomputers on 

the left among which data is exchanged. Then, data is routed to other networks (in this 

case, by way of the ATM SDH network). It also has to be passed by the HIPPI switch. In 

order to increase the bandwidth of the HIPPI switch for the network, more routers have 

to be placed in parallel. When the network faces huge calculation processes, it is always 

good to have each channel runs at higher frequency. From a hardware point of view, the 

800 Mbps transmission rate is not enough to handle future requirements of providing 

data fast enough for the supercomputers’ calculations. Therefore, a new HIPPI 6400 
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based switch has been proposed and manufactured by Essential / ODS Networks. In 

Figure 157, by increasing the number of routers, the bandwidth is increased. 

 

Figure 156 HIPPI switch configured network. 

 

 

Figure 157 HIPPI network with the SiGe FPGA switch 

Supercomputers 

Super- 

computer

HIPPI 

Switch 
HIPPI 

Switch 

Routers

Router
ATM

SDH

800 Mbps 622 Mbps

2.4 Gbps

622 Mbps
800 Mbps 

Supercomputers 

HIPPI 

Switch 

Routers

800 Mbps 622 Mbps
2.4 Gbps

ATM

SDH

SiGe FPGA

Switch 

10~20

Gbps

ATM  

network 2
ATM  

network 3

ATM  

network 4

ATM  

network 5

Replaced with the SiGe FPGA



 

 128

The different transmission rate rates between the HIPPI-routers and routers-ATM. 

shows a complex sub-network. By using a higher bandwidth switch, the problem can be 

solved. Therefore, in the proposed SiGe FPGA application, the SiGe FPGA can be 

applied to the HIPPI switch which may run up to 20 GHz.  Figure 158 shows the new 

networking configuration. After replacing with the 10 GHz FPGA, the transmission rate 

of the switch to the ATM can be set to 2.4 GHz. The SiGe FPGA switch data traffic is 

shown in Figure 159. Bx indicates the data sent out from supercomputer 1 to the others. 

Rx indicates the data sent out from supercomputer 2 and Yx represent the data from 

supercomputer 3. Mx and Nx represent the data received by the networking system 

(ATM in this case) and passed to the supercomputers. From Figure 160, the data is 

changing between computers. Some packets are routed to the SERDES circuit to be 

passed to the ATM network. At the same time data is also coming from the ATM 

network and is routed to its destination. After adding another high speed multiplexer the 

FPGA switch can connect to 5 ATM networks. Compared to the old network 

configuration, the new one can save more hardware. 

 

Figure 158 Data transmission among SiGe FPGA switch, computers and 

communication system. 
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10.3 Reconfigurable hardware interface for multiple communication 
systems (HIMCS) 

As communication systems become more complicated the interface between 

communication systems become harder to design. To allow the systems to have more 

build-in functions, reconfigurable circuits can replace the building blocks that are used in 

communication systems. FPGAs are well-known for their reconfigurable characteristics 

and functions. The personality of an FPGA can be set for a specific communication 

protocol to handle the communications between systems. Besides, the operating 

frequencies change depending on the systems, therefore the reconfigurable analog part 

can be used to replace the standard building blocks. This can be included in the Field 

Programmable Analog Array (FPAA) design. By detecting the frequency of received 

signals, the analog part can be set to the detected frequency.  

There are several cases of implementing different systems in the same machine. For 

example, a dual mode cellular phone is one of them. Figure 159 shows the building 

block diagram of the wireless transmitter and receiver which can handle the analog and 

digital communication signals [10.2]. From it, it is observed that there are two sets of 

transmitters and receivers. If the analog signal module is enabled, the other is shut down 

and vise versa. If similar blocks can be combined to perform different characteristics, 

hardware space can be saved. In this figure, the IF/RF up/down converters can be 

implemented with an FPGA and the DSP part can be synthesis by an FPGA. The FPGA 

also can provide a selection mechanism to the multi-band antenna. Thus, the handheld 

can be configured to the desired operation. Figure 160 shows the proposed design for 

wired and wireless communication systems. The detailed functions of each block is also 

described in the figure. From this figure, the role of the proposed application is a 

“translator” to convert different communications to the specific one. In order to do those, 

the SERializer DESerializer circuit (SEDES), and Clock Data Recovery circuit (CDR) 

are needed to receive or transmit the data.  
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Figure 159 Dual communication systems in the same handheld device. 

 

 

Figure 160 Design proposed for the wired and wireless communication systems. 
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Figure 161 Detailed building blocks for the multiple wireless communication 

system. 

 

Figure 161 shows the block diagram of the reconfigurable multi-communication 

design for the wireless system. In this block diagram, all the components used are the 

same with those shown in the previous figure. The CDR and frequency are used to detect 

the frequency of the signals. Once it is detected, the enable signal is passed to the 

memory to select the corresponding configuration information to program the FPGA and 

FPAA to run in the target frequency range.   

For the wired system, the FPGA has to be programmed to a different configuration. 

Figure 162 show the case for the wired communication. The signals are delivered to the 

chip by the input channels. First, the data is passed to the CDR circuit to reconstruct the 

data and extract out the frequency of the data. After determining the frequency, an 

enable signal is passed to the memory to output the corresponding configuration to the 

FPGA. After configuring the FPGA, it can perform the converting operation to handle 

the data converting and re-framing the data to the desired system. The converted data 
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can be passed to the encryption block. In this application, the DES encryption is selected 

for this block. This encryption also can be setup by the FPGA to change of the 

encryption key. After encrypting, the data is delivered to the transmission media. Or it 

can be programmed to be directly routed to external media. 

During war, the key to winning it is to have a robust communication system. If the 

military can take advantage of the enemy’s communication facilities, the communication 

systems can be made more reliable without more to achieve the equivalent results. 

 

 

Figure 162 Detail function blocks for the wired communication systems. 
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Appendix A 

Configuring the SiGe FPGA 
 

 To test the SiGe FPGA programming the first thing is to define the configuration 

bits of the BCII. Next, the data stream arrangement of the BCs in the SiGe FPGA has to 

be specified. In this appendix, the detailed data stream of the basic cell is described first. 

Then the data stream of the SiGe FPGA is mentioned. Figure 163 shows the schematic 

of the BCII. It is separated into three parts. For each stage, input routing stage, 

configuration logic block and output routing stage, the configuration is explained. Table 

20 lists the function table of the BCII which is the same with XC 6200 FPGA. First, the 

configuration of the input routing stage is described.  

 Figure 164 shows the schematic of the MUX used in the Input Routing Stage. 

The configuration the MUXs are listed in Table 21~25. Table 21 lists the input signals of 

the Input Routing Stage. Table 22 shows the configuration of the MUXs. Figure 165 

shows the Output Routing Stage. Table 23 and 24 show the input selection of the 

combinational and sequential logic functions and Table 25 shows the configuration of 

the output signals.  Table 26 shows the bit arrangement of a BC.  

 

Figure 163 Schematic of the BCII. 
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Table 20 Function Derivation Table of the BCII 

Function X1 X2 X3 P Q 

0 A A A_bar 1 0 

1 A A_bar A 1 0 

BUF (FAST) A Q Q_bar 0 1 

BUF X A_F A_F 1 0 

INV (FAST) A Q_bar Q 0 1 

INV X A A 1 0 

A and B (FAST) A_bar B_bar Q_bar 0 1 

A and B A B_bar A_bar 1 0 

A_bar and B (FAST) A Q_bar B_bar 0 1 

A_bar and B A A B_bar 1 0 

A nand B (FAST) A B Q 0 1 

A nand B A B A 1 0 

A or B (Fast) A Q B_bar 0 1 

A or B A A_bar B_bar 1 0 

A_bar or B (Fast) A B_bar Q 0 1 

A_bar or B A B_bar A 1 0 

A nor B (Fast) A Q_bar B 0 1 

A nor B A A B 1 0 

A xor B A B B_bar 1 0 

A xnor B A B B_bar 1 0 

M2_1 SEL A_bar B_bar 1 0 

M2_1B1A SEL A B_bar 1 0 

M2_1B1B SEL: A_bar B 1 0 

M2_1B2 SEL A B 1 0 
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Input MUX configuration 

                                                                   

 

 

              

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 164 Schematic of the MUXs in the input routing stage of a BC. 

Table 21 Control signals of the input MUX 

 

 

 

 

 

 

 

Control signals Function 

BS Bar signal select 

OS Original signal select  

QB Sequential bar signal 

(Qbar) select 

QS Sequential signal (Q) 

QE Sequential enable signal 

select 

EB Enable all. 

X3A0 0 
X3A10  

X3A20  
X3A30  

BS 

FW

FN 

QN

Q

X3

FS 
FE 

QS
QE
QW

SN
SS 
EE
WW

LN
LS
LE
LW

OS 
QE 

EB 
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Table 22 Configuration of the input MUX: X1, X2 and X3 

 

Table 23 Selection of the combinational and sequential operations 

 P Q 

Combinational logic select (CS_en) 1 0 

Sequential logic select (QS_en) 0 1 

 X3A00 X3A10 X3A20 X3A30 X3ABS X3AQS X3AQE

FW 1 1 1 1 0 X 0 

FE 0 1 1 1 0 X 0 

FS 1 0 1 1 0 X 0 

FN 0 0 1 1 0 X 0 

QW 1 1 0 1 0 X 0 

QE 0 1 0 1 0 X 0 

QS 1 0 0 1 0 X 0 

QN 0 0 0 1 0 X 0 

WW 1 1 1 0 0 X 0 

EE 0 1 1 0 0 X 0 

SS 1 0 1 0 0 X 0 

NN 0 0 1 0 0 X 0 

LW 1 1 0 0 0 X 0 

LE 0 1 0 0 0 X 0 

LS 1 0 0 0 0 X 0 

LN 0 0 0 0 0 X 0 

Output 

invert 

X X X X 1 X 0 

Sequential 

input -Q 

X X X X X 0 1 

Sequential 

input -Qbar 

X X X X X 1 1 
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Table 24 Selection of the CLB combinational or sequential outputs 

 Enable X direction F output (FZx) Enable sequential outputs (QZx)

CEnbX 1 X 

QEnbX X 1 

Note: X indicates the directions to the east (E), west (W), north (N) and south  (S)  

 

Output MUX configuration 

SetXout [00, 03]                                         

                             

 

 

 

 

 

 

 

Figure 165 Configuration of the MUX bused in the Output Routing Stage. 

Table 25 Configuration of the MUX of Output Routing Stage. 

 

 

 

 

 

 

 

 

 

 

 

 A00 A10 A20 A30

FW 1 1 1 0 

FS 0 1 1 0 

FN 1 0 1 0 

QW 0 0 1 0 

QS 1 1 0 0 

QN 0 1 0 0 

WW 1 0 0 0 

SS 0 0 0 0 

NN 1 1 1 1 

FW
FS
FN
QW

QN
WW
SS
NN

QS Xout

A00  
A10  

A20  A30  
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Since the combinational and sequential outputs are directly routed to neighbor cells, the 

output MUX has been modified as shown in Figure A.3 to handle the redirected signals. 

The setting of the redirected signals is listed in Table A.6. For example, if a designer 

wants to select the input signal from the West (FW), the configuration bits for the Xout 

MUX must be set to 1110. 

 Table A.7 shows the bit stream of the BCII. There are 42 configuration bits in the 

BCII. Convenience for the layout of BCII, the order of the bits has not been arranged to 

be in the sequence as listed in tables.  

Table 26 Bit pattern of the Basic Cell (BCII) 

 0 1 2 3 4 5 6 7 
SRAM-out SetWout00 SetWout10 SetWout20 SetWout30 SetSout00 SetSout10 SetSout20 SetSout30 

SRAM-outb SetWout01 SetWout11 SetWout21 SetWout31 SetSout01 SetSout11 SetSout21 SetSout31 

Function Output MUX West setup Output MUX South setup 

 

 

 8 9 10 11 12 13 14 15 
SRAM-out X2B00 X2B10 X2B20 X2B30 X2BBS X3ABS P R 
SRAM-outb X2B01 X2B11 X2B21 X2B31 X2BOS X3AOS X X 

 Input Routing Stage X2 and X3 setup. Combinational/ 

Sequential 

logic selection 

 

 16 17 18 19 20 21 22 23 
SRAM-

out 
CEnbS CEnbN CEnbE CEnbW X3AQE X2BQE QEnb 

S 

QEnbN 

SRAM-

outb 
X X X X X X X X 

 Combinational output signals enable  X3 

setup 

X2 

setup 

Sequential 

output signals 

enable 
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 24 25 26 27 28 29 30 31 

SRAM-

out 

QEnbE QEnbW X3A30 X3A20 X3A10 X3A00 X1C00 X1C10

SRAM-

outb 

X X X3A31 X3A21 X3A11 X3A01 X1C01 X1C11

  Input Routing Stage X3 setup.  

 

 32 33 34 35 36 37 38 

SRAM-

out 

X1C20 X1C30 SetEout30 SetEout20 SetEout10 SetEout00 SetNout30

SRAM-

outb 

X1C21 X1C31 SetEout31 SetEout21 SetEout11 SetEout01 SetNout31

 Input Routing 

Stage X1 setup. 

Output Routing Stage output direction setup. 

 

 

 39 40 41 

SRAM-out SetNout20 SetNout10 SetNout00 

SRAM-outb SetNout21 SetNout11 SetNout01 

 Contd. 

 

 

 

 

 

 

 

 

 

 



 

 143

Programming the 4 x 4 Basic cell array 
 Basically, programming the 4 x 4 array is about the same as programming a 

single BCII. The only thing of note is the sequence of each BCII bit stream. Figure 166 

shows the bit stream sequence of the 4 x 4 array. While programming the 4x4 array, the 

data stream is routed back from right to the left in the 2nd row of BCs after shifting 

through the 1st row of BCs from left to right. Following this route, the data stream routed 

to the 4th row will also be reversed. 

 

 

 

 

 

 

 

 

 

Figure 166 Configuration data path in the 4x4 BC array. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 167 Block diagram and data stream path of the 8 x 8 BC array. 

Vcc! Vref Vee20! 
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Programming the 8 x 8 BC array  
 Figure 167 shows the block diagram of the 8 x 8 BC array. The data stream 

sequence is show in red lines. 

 

Interfacing the old XC6200 to the BCII 
 Since the routing functions have been modified to achieve higher performance 

and routing capabilities, to utilize the XC6200 software to download a schematic 

synthesis results to the SiGe FPGA will require, new interface software or a “translator”. 

 Figure 168 shows the bit pattern of a design that the synthesizer generates. When 

the XC6200 logic synthesizer generates the bit file, it is formatted to be its programming 

path to its memory structure. The XC6200 provides two methods to program the FPGA. 

One is direct memory addressing and the other is through a shift register. In this project, 

the shift register structure is used. Therefore, in the following paragraph, this is the one 

that is used in all discussion on the programming the FPGA.  

 To make the BCII compatible with the XC6200, the bit pattern has to be 

converted to be the BCII format. From Figure 168, configuration of each configurable 

cell (XC) in the XC6200 FPGA is formatted into a queue. Each XC cell configuration bit 

must be extracted out of the bit pattern. From the extracted bit file, a programmer can 

analyze the function for which each XC is programmed and generate a bit file to a 

function table of the XC. Also, base on the configuration tables provided in the previous 

paragraphs, one can generated the corresponded bit file for the BCII function table.        
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Figure 168 Decode and translate procedures of a software from the old XC 6200 to 

the new BC. 
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