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Abstract 
 
The programming languages that describe hardware circuits are important for circuit 
designers to assist them to design and develop the hardware circuits. 
 
In this master’s project, the Lava hardware description language is used to design and 
develop hardware components for a baseband processing API. Lava is a language 
embedded in the general purpose language Haskell. 
 
The function for checking transmission errors in the baseband processing chain,  Cyclic  
Redundancy Check (CRC) is implemented in different ways and tested. 
Linear Feedback Shift Registers (LFSRs) circuits for a particular polynomial generator 
are developed, implemented and simulated by using Lava code to calculate the CRC. 
 
A generalized function of CRC is developed as a circuit generator for any given 
polynomial generator. The circuit is tested by automatic test program. 
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1 Introduction   
 
 The purpose of this project is to explore and utilize a hardware description language, 
called Lava, to contribute to a library of hardware components for baseband processing 
API. These components should be designed, verified and it should be possible to map 
them onto different hardware technologies.  
 
The application programming interface (API) hides the implementation details of 
components that are dedicated to perform a specific function. We develop an API for 
baseband processing. It will allow programmers to use this API without knowing 
implementation detail of baseband functions. For example if, any programmer has to 
compute CRC, then he can use CRC function provided by the API developed by us. The 
components of this API could be CRC encoding and decoding, convolutional and turbo 
encoding and decoding Channel, interleaving and de-interleaving, rate matching and de-
matching, multiplexing and de-multiplexing etc. These components can either be 
implemented in software on a processor, or in hardware such as an ASIC or FPGA.   
 
Hardware description languages (HDLs) are used to assist the design of electronic 
circuits, verify their results and specify their behaviour. The functional programming 
language emphasizes in descirbing the operations or functions rather than executing 
statements in order. This is opposite to procedural language in which statements are 
excecute in sequential order.  
 
The functionalities of circuits that are described by software rather than hardware have 
more flexibility (more scalable), adaptability and evolvability. A hardware component 
design expressed in HDL is cheaper to manufacture because of the low cost of laboratory 
equipment requirement. 
 
In our thesis, we will use Lava [1] as one of hardware description languages with special 
characteristics for hardware design. The Lava system, which consists of a set of Haskell 
modules that can be used to describe and simulate circuits, provides the user with 
primitive circuit components, and with ways to define reusable connection patterns. A 
single circuit description can be used in different ways by giving different interpretations 
to its components.  
 
The Lava system itself is developed to support the design of synchronous hardware. 
Circuits in Lava take a stream of inputs and produce a stream of outputs, which is useful 
for our project because the baseband processing is a demanding streaming application 
domain. 
 
Such a system is used for developing and describing the hardware circuits (and 
components) at different levels of abstraction to analyze them by examining their 
behaviors (through simulation), proving their properties (through verification) and 
generating VHDL (as a code help to build a physical circuit). 
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The powerful libraries, the logical binary, arithmetic and generic gates that Lava supports 
are used to build circuits. Electronic circuit can be generated using built-in arithmetic, 
sequential circuits and patterns. A pattern  is a model, form or rule which allows to create 
entities which share the common characteristics. For example in Lava we have 
connection patterns, serial patterns that will be described a little later. 
 
Lava system has higher structural properties such as parameterisation that means we can 
use the function as a parameter to other functions (higher-order functions). Lava also uses 
polymorphism (some circuits and connection patterns do not care about the type of input 
data).These higher structural properties provide more general descriptions than are 
possible in the traditional hardware language that can be used to build a generalized 
circuit (or circuit generator). 
 
 The Circuits of Lava use Boolean and Integer signal forms as inputs and outputs of the 
circuits (or functions), like low or high Boolean signal [1]. 
 
Lava is also used for the development of FPGA technology, which permits the design of 
many different complex digital circuits and reconfigurable systems. 
FPGAs were first introduced in 1986 by Xilinx[2] Inc., San Jose, CA, using a memory-
based programming technology, then many new commercial architectures and several 
new programming technologies were introduced. 
Lava has been used by Xilinx Inc for developing filters, Bezier curve drawing circuits, 
and digital signal processing functions for high speed networks, and high performance 
graphics application. 

 
The rest of the thesis is organized as follows. The background of the thesis is described in 
part 2 in which introduction to Lava are given. It is described how some basic circuits are 
defined in Lava. The baseband processing and baseband processing functions are 
introduced in this part. In the third part mathematical background of Cyclic Redundancy 
Check (CRC) is given and software as well as hardware implementation of CRC is 
presented. Lava is used in this part to implement the general CRC circuit and automatic 
testing of the general CRC circuit. The thesis is concluded in part 4. 
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2 Background 
 
2.1 Lava 
 
In digital circuit design, circuits are classified into combinational and sequential this 
depends on the structure which has been used in building. Combinational circuits are 
built up of logical gates and their output depending on the current input. These can be 
represented by truth table. Another type of circuit is the sequential circuit, in which the 
delay component is an essential part and used to store the previous state of the circuit, 
this type of circuit can be represented by state table. 
 
Combinational circuits  
 
  Each output value of a combinational circuit depends entirely on the immediate 
(present) inputs. Gates are the building blocks of a combinational circuit, which computes 
a Boolean function. 
 
 
 

 
 
 

Figure1. A combinational circuit. 
 

 

 
Introducing Lava syntax   
 
The following examples explain how half subtractor and full adder circuits are defined. 
The half-subtractor is a circuit which is used to perform subtraction of two bits. It has two 
inputs, a (minuend) and b (subtrahend) and two outputs dif  (difference) and bo (borrow).  
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Table 1 
                                             The truth table of half subtractor: 
 
 
 
 
 
 
 
 
A half subtractor is usually described by using one AND, one XOR and one NOT gates: 
 

                    halfSub (a,b) =(dif,bo) 
                     where 
                      dif=xor2(a,b) 
                      t=inv(a) 
                      bo=and2(t,b) 
 

 
Figure2. A half subtractor 

 
A full adder takes three bit inputs. Adding two single-bit binary a, b with a carry input bit 
ci produces a sum bit s and a carry out co bit.  

 
Table 2 

                                      The truth table of the full adder like 
           INPUTS       OUTPUTS 
a b ci co s 
0 0 0 0 0 
0 0 1 0 1 
0 1 0 0 1 
0 1 1 1 0 
1 0 0 0 1 
1 0 1 1 0 
1 1 0 1 0 
1 1 1 1 1 

 
 
A full adder can be built with three NAND and two XOR gates  

      INPUTS     OUTPUTS 
 a       b dif    Bo 
0 0 0 0 
1 0 1 0 
0 1 1 1 
1 1 0 0 
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fullAdd  (ci,(a,b))=(s,co) 
             where 
              t=xor2(a,b) 
              y=nand2(a,b) 
              s=xor2(t,ci) 
              i=nand2(t,ci) 
              co=nand2(y,i) 

 
 

 
 

 

 
 
 
 
 

Figure3. A full adder. 
 

 
A Lava circuit can be simulated, the operation simulate takes two arguments, the circuit 
and its inputs. 
Examples of halfSub and fullAdd circuits simulation: 
 
Main> simulate halfSub(high,low) 
(high,low) 
 
Main> simulate fullAdd(high,(high, low)) 
(low, high) 
 
Lava allows us to define connection patterns, which enable us to build circuits from other 
circuits, like the serial connection. serial circ1 circ2 is a circuit which feeds its 
input a to circ1, then connects its output b to the input of circ2, and results in output c. 
 
 
 
 
 
 
 

co 

s 

ci 

a

b

fullAdd 
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Here is the definition of the serial connection pattern: 
 

                       serial circ1 circ2 a = c 
                        where 
                         b = circ1 a 
                         c = circ2 b 

 

 
Figure4. Serial composition of circ1 and circ2. 

 
 

The example above shows that we can plug any circuit for circ1 and circ2 (both circ1 and 
circ2 have one input and one output). 
The serial connection above can be used as follows: 
 
change=serial f1 f2 

 
Here f1  is passing the signal to f2  that invert it: 
 
f1 k=k 
f2 t=inv t 
 

The simulation of the above serial connection is as follows: 
 
Main> simulate change low 
high 

 
An example of the connection patterns that Lava provides is row that consists of circuits 
connected with each other in one row 
 
This is how row can be defined 
  

            row f (carryIn, []) = ([], carryIn) 
            row f (carryIn, a:as) = (b:bs, carryOut )  
             where  
              (b, carry) = f (carryIn, a)  
              (bs, carryOut) =row f (carry, as)  
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Figure5. The pattern row connecting n instances of f 
 
The example above shows that we can plug any circuit for f (circuit f processes an input a 
and a carry). 
The row pattern can be used to define an adder (that takes a list of pairs of bits as an 
input) as follow: 
adder (carry,inps) = row fullAdd (carry,inps) 

 
Sequential circuits 
 
  A sequential circuit is a circuit whose output value depends on both current and the 
previous inputs. This can be done by using memory (via feedback loops that contain 
previous information).  
 
 
 

 
 

Figure6. A sequential circuit. 
 
 

Design of sequential circuits 
 
The basic idea behind building a sequential circuit is to use D flip flops to hold the 
system's state and use combinational logic to make the system move from state to state. 
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A sequential circuit is specified by a time sequence of inputs, outputs, and internal states. 
Sequential circuits are classified into two types, asynchronous and synchronous. This 
classification depends on the timing of their signals. 

 
a. Asynchronous sequential circuits 
Asynchronous sequential circuits are circuits whose outputs are affected by the change in 
the order of variable inputs (at any instant of time), asynchronous sequential circuits do 
not require clock pulses and because of the feedback among logic gates, the system may, 
at times become unstable. 
 
b. Synchronous sequential circuits 
Synchronous sequential circuits are circuits whose output values change only at discrete 
instants of time. As the gates are the basic elements of combinatorial circuits, latches and 
flip-flops are the building blocks of synchronous sequential circuits. The difference 
between a latch and a flip-flop is that a latch does not have a clock signal, whereas a flip-
flop always does. 
 
Synchronous sequential circuits, which require clock pulses, are stable. Clock pulses are 
distributed to the all flip-flops that respond only with the arrival of the synchronization 
pulse. For the d-latch, only if the clock input is high, the circuit will pass data from its 
input to its output. When the clock input is low, the values of the output don’t change. 
With the flip-flops only on transitional states, the circuit will pass data from its input to 
its output (which occur only at the rising (from 0 to 1) or falling edges (1 to 0) of the 
clock.  
 
Hence the only difference between a flip-flop and enabled latch is that a flip-flop is 
enabled only on the rising or falling edge of the clock signal, but a latch is enabled for the 
entire duration of a high enable signal. 
In the following figure the clock cycle time is the time interval between two consecutive 
rising or falling edges of the clock. 

 

Figure7. A clock signal. 
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Latch Circuit  
An example of the NOR SR-latch follows:  
 

 
 

Figure8. SR-latch. 
 

Where S stands for “Set” and R for “Reset”, both inputs should normally be at a logic 
0 level, and if  an input (not both) changes to logic 1, it will force that output to logic 
0. 
 
Flip-flops circuit 
A Flip-flop circuit can be for example designed by using two D-latches (two-stage 
register) which are connected in a cascade way and whose clock signal is inverted 
before passing to the second latch .The first D-latch sample a new input on positive 
clock-edge (clk=1). The second D-latch is triggered on negative clock edges (clk=0), 
which means it will load a new value (from the first D-latch) into the output register 
(two-stage register) when the clock is zero. 

Clk

Q

Q

D

 
 

Figure9. D flip-flop. 
 

Here is a Lava code example of D flip-flop: 
import Lava 
-- D flipflop 
dflipflop (clk,d)=q2 
 where 
--  first D-latch 
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  q1=nand2(clk,d) 
  q=nand2(q1,qcomp) 
  qcomp1=nand2(clk,q1) 
  qcomp=nand2(qcomp1,delay low q) 
--  second D-latch 
  qt=nand2(inv clk,q) 
  q2=nand2(qt,qcomp2) 
  qcompt =nand2(inv clk,qcomp) 
  qcomp2 =nand2(qcompt,delay low q2) 

 

Sequential circuits in Lava 
 
In a combinational circuit, feedbacks (loops) are not allowed, but in the sequential circuit 
(see figure6) they are needed for remembering the previous state of the circuit by using 
memory (a register). 

 
Sequential circuits in Lava are synchronous circuits [1], and a delay component is used to 
remember the previous input (state of the circuit).  
The input list to the circuit can be represented as different inputs that feed at each clock 
tick. 
 
Sequential circuits in Lava can be simulated by using the operation simulateSeq . 
The following example show how to use the operation simulateSeq  on a combinational 
circuit half subtractor and use the four states values of a and b in Tabel 1 as input list to 
the circuit. 
 
Main> simulateSeq halfSub[(low,low),(high,low),(low ,high),(high,high)] 
[(low,low),(high,low),(high,high),(low,low)] 

 
To build a sequential circuit, it is necessary to use the delay component to remember the 
previous state of the circuit, for example a sequential connection pattern similar to the 
row pattern, can be defined as follows: 
 
rowSeq circ inp=out  
 where  
   carryIn =delay low carryout 
   (out,carryout)= circ (carryIn,inp) 

 
 

 
 

Figure10. Row Sequential Pattern 
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The rowSeq pattern can be used to define an adder as follows: 
 
adderSeq= rowSeq fullAdd 

 
The above definition use the circuit in figure10 (Row Sequential Pattern) to define a 
binary adder. The input to the circ (fullAdder circuit) is a pair of bits a, b and the current 
carryIn bit cin that equal to the previous carryout bit co, Note that the first carryIn is low 
(as defined: delay low carryout), here is the simulation : 
 
Main> simulateSeq adderSeq [(low,low),(high,high),( low,low),(high,low)] 
[low,low,high,high]  

 
Register 
 
A register can be designed by using a positive propagate latch. Example of designing a 
latch using a 2:1 multiplexer is given below 
 
register init (s,din)=q 
 where 
  q=delay init z 
  z=mux(s,(q,din)) 

 
 

Figure11. A latch (propagate when s=positive) using a 2:1 multiplexer. 
 
As shown in the previous example parameter init represents the initial value of the 
register, which could be low or high. 
  
 Here is a simulation example of the above circuit (register): 
 
Main> simulateSeq (register low)  
[(high,high),(low,low),(low,low),(high,low),(high,h igh),(low,low)] 
  
[low,high,high,high,low,high] 
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Verification and generating VHDL in Lava 
 
Verification is an important stage of any system (hardware or software) design to 
increase confidence on the results of the system. Mathematical and logical methods are 
used to implement these verifications. Lava is used to describe the properties of the 
circuit such as the commutative operation or equality of two or more outputs by using 
supported binary gates (for example <= => for logical equivalence and = => for logical 
implication or logical conditional). 
 
Lava system supports the generation of VHDL code by giving the circuit description in 
Lava code which is done in order to generate another code (VHDL) that helps building 
the physical circuit. 
 
Defining properties and verification  

The properties of circuits can be defined in Lava in such a way that some conditions are 
always true (or equivalently, never false). 
Here is an example of a property which checks that the outputs of a half adder [1] are 
never both true: 

prop—HalfAddOutputNeverBothTrue (a, b) = ok  
 where  
   (sum, carry) = halfAdd (a, b)  
   ok = nand2 (sum, carry)  

 
After the properties of the circuits are defined, verification in Lava will be used to 
generate a logical formula which is then processed by one of the automatic theorem 
provers and the result will indicate whether the desired formula is valid or not, thus 
verification is important to validate the circuit which we build. 
A verification example could be written as  
 
Main? verify prop—HalfAddOutputNeverBothTrue  

 
Generating VHDL 
 
The operation writeVhdl is used to generate the VHDL code, where the name of the 
VHDL definition as a string and the name of the circuit are given. 
 
Main> writeVhdl “fullAdd” fullAdd 
Writing to file “fullAdd.vhd” ... Done. 
 

Note that names for both inputs and outputs can be given by the user inside the command 
writeVhdl .  
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2.2 Baseband Processing 
 
This part describes the baseband processing that is used for implementation experiments 
in this thesis. 
The baseband processing has the key role in 3G universal Mobile Telecommunication 
Standard (UMTS) networks. The functionality of a radio base station can be described as 
a bidirectional conversion procedure between logical channels from higher layers and the 
physical channels used for transmission through air interface.  
Functions related to downlink, like modulation and encoding, are performed in the base 
station before transmitting via the antenna. Similarly, the uplink functions perform 
demodulation and decoding of physical channels received through the antenna.  
WCDMA is a radio technology enables wideband communication access through the air 
interface. In the UMTS Terrestrial Radio Access Network (UTRAN) standard, a base 
station is denoted as Node B [3].  
 
In UTRAN architecture, which can be seen in figure12, the base station is responsible for 
the flow of data between Iub and Uu interfaces. Iub is between the base station and the 
Radio Network Controller (RNC). Uu is the interface between the base station and user 
equipment.  
 

 
 

Figure12. UTRAN Architecture 
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The RNC controls the baseband resources and is responsible for setting up the radio 
links. The baseband processing in the base stations comprise functions that implement the 
physical layer in the network. These functions, which are connected in a serial order, 
operate on a synchronous stream of data received from higher layers, where there could 
be N streams that can be executed in parallel as shown in figure 13. 
 
 

 
 

Figure13. Baseband processing functions for UMTS downlink [4]. 
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Baseband processing functions 
 
1 CRC Encoding: 
The CRC function can be used to detect bit errors that can occur during the transmission. 
A checksum is calculated and appended to the data to be transmitted, and it is calculated 
again at the receiver side. If there is some difference in checksum at the sender and the 
receiver side, then there is an error. 
 
2 Transport block concatenation and code block segmentation: 
   Blocks of data are concatenated by using transport block concatenation to make large 
code blocks. If the code block to be transmitted is larger than a maximum code block 
size, it will be segmented by using code block segmentation into several code blocks. The 
maximum code block size is depends on channel coding.  
 
3 Channel Coding: 
   FEC is a coding technique that can be used to restore bit errors. By adding redundant 
bits to the bit sequence, it is possible to some extent to correct bit error when decoding 
the message in the receiver. There are two types of coding techniques:  
 

• Convolutional coding. 
• Turbo coding. 

 
4 Rate Matching: 
   Rate matching is a function used to adapt the quality of service of the communication 
link. When the number of bits between different transmission time intervals in downlink 
is changed, bits are repeated or punctured to ensure that the total bit rate after channel 
multiplexing is equal to the total channel bit rate of the allocated dedicated physical 
channels.  
 
 
5 First insertion of discontinuous transmission (DTX) indication bits: 
   DTX bits are used to mark bit positions that should not be transmitted. DTX indication 
bits is only used to indicate when the transmission should be turned off (they are not 
transmitted). 
 

 
 

Figure14. Fixed channel slots with variable rate and insertion of DTX bits [4] 
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6 First Interleaving: 
   This operation is performed to distribute the effect of bursts of bit errors that can occur 
during radio transmission, and thereby enhance the error correcting capability of FEC 
coding. The interleaving is performed by inter-column permutations after the data has 
been arranged in matrix form. 
 
7 Radio frame segmentation: 
    Data is mapped on the transport channels using 10 ms long radio frames , this time 
represent the transmission time interval(TTI), which is either 10,20,40 or 80ms.  
When the TTI is longer than 10ms, the input bit sequence is segmented to be mapped 
onto consecutive radio frames. The data are divided into (TTI/10) segments, each 
corresponding to the length of a 10 ms radio frame. 
 
 
8 Transport channel (Trch) multiplexing: 
    The data from different transport channels are multiplexed by the transport channel 
multiplexing function into one coded composite transport channel coded composite 
transport channel (CCTrCH) that will be mapped onto the physical channels. 
Every 10ms, one radio frame from each TrCH is delivered to the TrCH multiplexing. 
 These radio frames are serially multiplexed into a (CCTrCH). 
 
 
9 Second insertion of discontinuous transmission (DTX) indication bits: 
   The DTX indication bits inserted in this step shall be placed at the end of the radio 
frame. This second DTX insertion is performed for channels where data is mapped using 
flexible positions. 
 
10 Physical channel segmentation: 
     When more than one physical channel is used, physical channel segmentation 
partitions the bits among the different physical channels. 
 
 
11 Second interleaving: 
The second interleaving is performed before mapping the physical channels. The 
interleaving is performed through inter-column permutations after arranging the data in 
matrix form. 
 
12 Physical channels mapping: 
      Transport channels are mapped onto physical channels. The resulting data stream of 
DCHs is directly mapped sequentially (firstin-first-mapped) to the physical channel(s).  
 

 
 
 
 



 17 

3 Methods 
 
This part of thesis deals with the first function Cyclical Redundancy Check (CRC) of the 
baseband processing which has been implemented in Lava. The CRC function is one of 
the most important and common methods of data error-checking. It offers a high level of 
data protection, and it is easy to implement in hardware. CRC calculations are a 
mathematical approach (polynomial calculations) which can be implemented in both 
hardware and software.  
 

3.1 Cyclic Redundancy Check 
 
The cyclic redundancy check (CRC) is a method used to detect errors that occur due to 
small changes in k bit block of data. The importance of error-detection becomes 
significant when data is transferred or stored because even a change of one bit makes data 
faulty. The CRC results are stored along with the original data and upon receiving data, 
these results can be used to detect errors. If there is a difference in the results at the 
sending side and receiving side it means there is error during transmission. 
 
The CRC is computed by using polynomial division. The dividend is a transport message 
and the divisor is a specified generator polynomial. Many different CRC polynomials are 
possible. These generator polynomials are developed to have desirable error-detection 
properties. The accuracy of data depends on the length of generator polynomial, and the 
longer the polynomial, the better accuracy. Long polynomials compute larger remainder 
thus resulting in more number of bits in CRC. The calculation of larger CRC cause more 
overhead in error checking. 
 
The message polynomial in terms of some dummy variable x of a bit sequence can be 
expressed as bk-1x

k-1 + bk-2x
k-2 +…..+ b1x + b0. 

This is a polynomial of order k-1 of a bit sequence of length k bits. 
 
We start with an example by having message of bit sequence [101011] message of k = 6 
bits, where the polynomial could be represented as 

u(x) =1+ x2 + x4 + x5 
 
Suppose that the k bit message is encoded into N bit codeword by appending to the k bit 
message sequence of n = N – k. Let s(x) be the polynomial representing these appended 
bits.  

[sn-1,sn-2,…, s1, s0] 
 

The equation for the N bit codeword polynomial could be written as [5]  
v(x) =s(x)+ xn-k u(x)  

This is done because the original message will need to have more bit positions as each 
message bit is moved by n-k bit to make room for the n appended bits. 
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To obtain N= n+k bit message v(x), we calculate the Frame check sequence (FCS) and 
append it to the original message. 
The appended bits (FCS) can be obtained by using generator polynomial g(x) of degree n 
with non-zero at highest and lowest order coefficients. Some commonly used generator 
polynomials are listed in Table 1. Each polynomial has some special purpose for example 
CRC-16 polynomial is used for binary synchronous protocol. IBM’s synchronous data 
link control protocol uses the SDLC polynomial. The CRC-12 polynomial is used with 6-
bit characters [5]. The generator polynomial is selected on the basis of error-control 
properties of CRC. For example we take a CRC-16 polynomial from the table i.e. 

g(x) =1+ x2 + x15 + x16 for n=16 
The FCS bits or s(x) can be obtained according to  

s(x) = xn-ku(x)/g(x) 
           

We divide xn-ku(x) by g(x) (modulo-2 division) and obtain the remainder which is s(x). In 
modulo-2 division, binary coefficients of the same powers are subtracted. Subtracting and 
addition are two similar binary coefficient operations in modulo-2. 
In modulo-2 we have 
 

0-0 = 0 = 0+0 
1-0 = 1 = 1+0 
0-1 = 1 = 0+1 
1-1 = 0 = 1+1 

 
Table 3 

 Commonly used generator polynomial 
CRC-16 X16 + X15 + X2 +1 
CRC-16 Reverse X16 + X14 + X +1 
SDLC (IBM,CCITT) X16 + X12 + X5 +1 
SDLC Reverse X16 + X11 + X4 +1 
LRCC-16 X16 + 1 
CRC-12 X12 + X11 + X3 + X2+ X+ 1 
LRCC-8 X8+ 1 

 
 
The mathematical operations shows how s(x) can be obtained. We consider  
u(x) =1+ x2 + x4 + x5  and 
xn-k u(x) = x16( x5+ x4 + x2+1)  
   = x21+ x20 + x18+ x16 
g(x) = x16 + x15 + x2+1 
 
We get FCS of length N-k = n = 4. Divide xnu(x) by g(x) we get, 
 
x21+ x20 + x18+ x16 = x5 + x18 + X16 + x7 +x5             
  x16 + x15 + x2+1             x16 + x15 + x2+1 
                               = x5 +x2 + x17 + x16 + x7 +x5+ x4 +x2           
             x16 + x15 + x2+1 
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   = x5 +x2 +x+ x7 + x5 + x4 +x3+ x2 +x           
          x16 + x15 + x2+1 
 
The remainder s(X) =x + x2 + x3 + x4 + x5+ x7, therefore FCS will be 01111101. The 
maximum degree of FCS is always n-1. So we have FCS bits as [01111101] 
Corresponding to the equation v(x) = s(x) + xn-ku(x), we have v(x) bits as 
[0111110100000000101011] that represents N= n+k bits.  
 
The decoder checks whether the received codeword r(x) is a multiple of g(x), which can 
be done by dividing the r(x) by the same generator polynomial g(x), check for zero 
remainder, and if there is no error, the remainder will be zero, otherwise an error is 
detected. 
 
There is also a possibility of error existence although the remainder is zero, which occurs 
when the encoding codeword v(x) is different from the received codeword r(x) but both 
of them are multiple of generator polynomial g(x).  
 

3.1.1 Software Implementation 
 
The implementation by software is inefficient as compared to hardware. However we can 
achieve higher efficiency in software by handling the data as bytes or words.  
We can talk about software implementation mathematically.  Let us consider a generator 
polynomial g(x) of degree 16 in the following derivation  
 
Let u(x) and s(x) represent a message and the corresponding check bits respectively. 
These polynomials are of the form 
 

u(x)= u0 + u1x + u2x
2 +…, and 

s(x)= s0 + s1x + u2x
2  + …..+ s15x

15 
 
As we get s(x) by dividing x16u(x) by g(x), we can write for a(x) as  

 
x16u(x) = a(x)g(x) + s(x) 

 
Let the message is augmented by one more byte then the original message is shifted eight 
positions to the left and extra byte is inserted in the vacant position. The augmented 
message u´(x) can be written as  
 

u´(x)=b(x) + x8u(x) where, 
b(x) = b0 +b1x + ……. b7x

7 
 
corresponds to the newly added byte. Let s´(x) represents the check bits corresponding to 
u´(x) then s´(x) represents the remainder obtained from the division of x16u´(x) by g(x).  
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We shall denote this symbolically as  
 
s´(x) = Rg(x) [x

16u´(x)] 
 
Denoting u´(x) in terms of u(x), we have 
 
x16u´(x) = x16[b(x) + x8u(x)] 
    = x16b(x) + x8[x16u(x)] 
  = x16b(x) + x8[a(x)g(x) + s(x)] 
  = x16b(x) + x8a(x)g(x) + x8s(x) 
 
The remainder of a sum of polynomials is simple the sum of the remainders of the 
individual polynomials. So 
 
s´(x) = Rg(x)[x

16u´(x)] 
        = Rg(x)[x

16b(x) + x8a(x)g(x) + x8s(x)] 
        = Rg(x)[x

16b(x)] + Rg(x)[x
8a(x)g(x)] + Rg(x)[x

8s(x)] 
        = Rg(x) [x

16b(x) + x8s(x)] 
 
As g(x) divides x8a(x)g(x). b(x) and s(x) can be expressed in expanded form. 
 
x16b(x) + x8s(x) = b0x

16+ b1x
17 + …+ b7x

23 +s0x
8 + s1x

9 +…+s7x
15 +s8x

16 + s9x
17 +…s15x

23 
        = (b0+s8) x

16 +(b1+s9)x
17 +…+ (b7+s15)x

23 +s0x
8 + s1x

9 + … + s7x
15  

 
Substituting [bi+si+8] by ti for i=0,1,…,7 
 
x16b(x) + x8s(x) = t0 x

16 + t1 x
17 +…+ t7 x

23 +s0x
8 + s1x

9 + … + s7x
15 

and 
s´(x) = Rg(x) [t0 x

16 + t1 x
17 +…+ t7 x

23] + Rg(x) [s0x
8 + s1x

9 + … + s7x
15] 

        = Rg(x) [t0 x
16 + t1 x

17 +…+ t7 x
23] + (s0x

8 + s1x
9 + … + s7x

15) 
 
Since the order of the second expression is smaller than that of g(x). 
The last equation specifies relation among the check bits of the augmented message, 
check bits of the original message and the added byte. 
 
Table Driven Algorithm 
In the hardware implementation, we describe data bit by bit. The implementation by 
software is inefficient compared to hardware. However, we achieve higher efficiency in 
software by handling the data as bytes or words.  
Assume that, to perform a CRC division of a 32 bit message by using table driven 
algorithm, we need to use 4 byte registers as shown in the following figure: 
 
   3       2  1       0  Augmented byte 

                                                                                                                                          
            32 bits 
                                         Figure19. four bytes registers 
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CRC look-up table is pre computed for obtaining proper CRC against each byte. The 
number of entries could vary according to the generator polynomial. The first byte is 
extracted from register 3 and other bytes are left shifted by a byte position. The CRC 
value of extracted byte in look-up table is searched and then the remaining bytes in the 
registers are Xor with the CRC value of extracted byte.  
The algorithm can be written as follows 
 
While (augmented message is not finished) 
      Begin 
       front = front_byte(Register); 
       Register = (Register << 24) | next_augmessag e_byte; 
      Register = Register XOR precomputed_table[fro nt]; 
      End 

 
This algorithm can easily be understood by the following figure 

  
                                Figure20. CRC look-up table 
 

 
3.1.2 CRC Hardware Implementation 
 
The CRC calculations are implemented with linear-feedback shift registers (LFSRs) over 
GF(2) as a long polynomial division (modulo 2). 
LFSRs are clocked circuits of shift registers whose inputs are exclusive-or (xor) of some 
of their outputs. The advantages of using LFSR are that it uses little hardware with high 
speed operations implemented in small, low power and low cost devices. 
 
The input and output of polynomial division (modulo 2) over the shift registers can be 
represented as  
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gn-k-1 

The input binary bits stream represents the coefficients (with high order first) of a 
dividend polynomial. 
 
The output binary bits stream of a LFSR can be described by long division of 
polynomials and the generator polynomial g(x) is determined by the location of the tap 
positions on the LFSR.  
 
Whatever left in the registers is the remainder, as it will be smaller than g(x), and hence is 
not divisible by g(x) any further. 
 
Note that the code words vs(x) with the n-bit are derived from the message polynomial 
u(x) which is associated with the k-bit message and the generator polynomial g(x). 
The resulting operation of encoding is the remainder of division for the sending message 
xn-k u(x) by g(x), and decoding operation is also the remainder of division for the 

receiving message xn-k r(x) by g(x). 
 
LFSR for an arbitrary general polynomial 
 
A linear feedback shift register for general generator polynomial equation can be 
represented as : 
 

g(x)= xn-k  + gn-k-1 xn-k-1  + …+ g2x2  + g1x +1. 

 
Where gi indicates the coefficients of the generator polynomial of the code (gi= 1 means 
that a connection exists, whereas gi = 0 means the absence of connection),and the 
feedback connection based on the generator polynomial 
The following figure represents the linear feedback shift register of general polynomial, 
s0,..,s n-k-1 for registers, g1,..,gn-k-1 for generator polynomial and 
 ⊕ for XOR:  
                               
 
 
 
 
 
                                            
 
 
 
                                                                                                                                       
 
 
 

Figure15. Linear feedback shift register for general polynomial.  
 

s0 S1 S2 + + s n-k-1 ... + + 

g1 g2 

... 

Encode u(x)   
Decode r(x) 
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Operation of the circuit 
 
The first step is to shift in a new bit inside the shift registers, and whenever a 1 enters the 
MSB register, we know that the next shift of xn-k u(x) is greater or equal to g(x). Hence 
we do the division (xor), which means polynomial is subtracted each time, as required. 
Whenever there is no new input bit to feed in, the bits left in the registers are the 
remainder, as they will be smaller than g(x), and hence is not divisible by g(x) any 
further. 
 
The remainder resulting from the division operation is stored as check bits corresponding 
to s(x) as   s0, s1, …, s n-k-1 . 

Since s(x) is the remainder resulting from the division, it can write: 
v(x) = s(x) + xn-k u(x) 
 
Here is an example of particular generator polynomial g(x) =X16 + X12 + X5 +1of 
SDLC (IBM, CCITT). 
 
 

 
 
 
 
 
 
 
Example3.1 (first scheme) The following circuit is an LFSR of the particular generator 
polynomial of sequence bits 100111 (x5+x2+x+1). In the following figure and table, the 
message sequence bits: 10000000 are used to illustrate the working of this circuit. Note 
that extra 0s [00000] are appended to the end of the message (equal to the length of 
Reminder or the degree of the generator polynomial). 
 
 
 

Figure16. Linear feedback shift register 
circuit for SDLC polynomial (IBM,CCITT) 



 24 

The table below shows the registers content of the CRC calculation and the same 
operation explanation performed by hand:  
 

 
Figure17. LFSR circuit of generator polynomial x5+x2+x+1 (first scheme) 

 
 

 
The following is the Lava codes for Example3.1 (using first scheme):  
import Lava 
 
latch (clk,d)=q 
 where 

        -- *********** Latch using a 2:1 multiplexer ******** 
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q=mux(clk,(delay low q,d)) 
 

{-  Registers are q1,q2,q3,q4,q5  
 -  Input stream bits variable is a 
 -  clk represent the clock pulse of register   
 -  f is the input to the first register q1 after XOR ed with feedbabk from q5  -} 

 
crc(clk,a) = [q1,q2,q3,q4,q5] 
 where 
  f  = xor2 (delay low q5,a) 
  q1 =latch (clk, f) 
  q2 =xor2(delay low q5,delay low q1) 
  q3 =xor2(delay low q5,delay low q2) 
  q4 =latch  (clk,delay low q3) 
  q5 =latch  (clk,delay low q4) 

 
 

The Lava code above is first build the circuit crc for the generator polynomial of 
sequence bits 100111 and then take the message sequence 1000000000000 as a list of 
input to the this circuit. A high signal given as an enable clock with each input bit of the 
message sequence (list of pair of bits) to make the input bit pass through the latch (or 
register). 
 
The simulation of the circuit is below:  
 
Main>  simulateSeq crc 
[(high,high),(high,low),(high,low),(high,low),(high ,low),(high,low),(hi
gh,low),(high,low),(high,low),(high,low),(high,low) ,(high,low),(high,lo
w)] 
 
[[high,low,low,low,low],[low,high,low,low,low],[low ,low,high,low,low],[
low,low,low,high,low],[low,low,low,low,high],[high, high,high,low,low],[
low,high,high,high,low],[low,low,high,high,high],[h igh,high,high,high,h
igh],[high,low,low,high,high],[high,low,high,low,hi gh],[high,low,high,h
igh,low],[low,high,low,high,high]] 

 
The previous simulation represents the contents of the five registers after each step of 
shift operation or after XOR the polynomial generator with content of register and 
shifting them. The contents of registers at last step of calculation are 
[low,high,low,high,high] represents the FCS bits from right to left (MSB to LSB) . 
 
By using the (message + FCS) =100000011010   as input to the same circuit, and if there 
is no error, then the content of the registers are zeros, and the simulation of the circuit 
will be: 
 
Main> simulateSeq crc 
[(high,high),(high,low),(high,low),(high,low),(high ,low),(high,low),(hi
gh,low),(high,low),(high,high),(high,high),(high,lo w),(high,high),( 
high,low)] 
[[high,low,low,low,low],[low,high,low,low,low],[low ,low,high,low,low],[
low,low,low,high,low],[low,low,low,low,high],[high, high,high,low,low],[
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low,high,high,high,low],[low,low,high,high,high],[l ow,high,high,high,hi
gh],[low,high,low,high,high],[high,high,low,low,hig h],[low,low,low,low,
low],[low,low,low,low,low]] 

 
The content of the five registers [low,low,low,low,low]  at last step of calculation of 
previous simulation are all Zeros .  
 
 
Example3.2 (second scheme) In this example another circuit is used with the same 
generator polynomial and the message sequence that used in example3.1 
 
Another schema used for encoding by changing the way of feeding back to the circuit, 
which is done by feeding the output of XOR-ing the input stream and the output of the 
last register to all xor gates and the first register. This encoding schema is more efficient 
because it doesn’t require to append the trail zeros to the end of the message. 
However, this way it seems more efficient but practically a very long message is used for 
sending, so the little number of zeros that will be append to the message will not affect 
the speed or the efficiency of the division algorithm . 
 
The following figure and table, illustrate the second scheme, by using the generator 
polynomial of sequence bits 100111 (x5+x2+x+1), and the message sequence bits: 
10000000 .  
  
 

 
 

Figure18. LFSR circuit of generator polynomial x5+x2+x+1 (second scheme) 
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The table above has fewer steps than the table of the first scheme because there is no trail 
of zeros appended to the end of the message. 

 
The following is the Lava code for second scheme of polynomial generator (x5+x2+x+1) 
of bits sequence 100111): 
 
import Lava 
 
latch (clk,d)=q 
 where 
  q=mux(clk,(delay low q,d)) 
 
crc(clk,a) = [q1,q2,q3,q4,q5] 
 where 
 
{-  Registers are q1,q2,q3,q4,q5  
 -  Input stream bits variable is a 
 -  clk represent the clock pulse of register   
 -  f is the input to the first register q1 and the  other      
    xor after XOR ed with feedbabk from q5  -} 
 
  f  = xor2 (delay low q5,a) 
  q1 =latch (clk, f) 
  q2 =xor2(delay low q1,f) 
  q3 =xor2(delay low q2,f) 
  q4 =latch (clk,delay low q3) 
  q5 =latch (clk,delay low q4) 

 
 
The simulation of the circuit is:  
 
Main> simulateSeq crc 
[(high,high),(high,low),(high,low),(high,low),(high ,low),(high,low),(hi
gh,low),(high,low)] 
[[high,high,high,low,low],[low,high,high,high,low], [low,low,high,high,h
igh],[high,high,high,high,high],[high,low,low,high, high],[high,low,high
,low,high],[high,low,high,high,low],[low,high,low,h igh,high]] 
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Note that the first scheme used in previous example is the standard scheme for dividing 
polynomials using LFSRs. The same scheme can be used for example.2 to show the 
difference in the operation and the content of the registers 
 

3.2 General generator polynomial CRC 
 
The Lava code for general generator polynomial CRC is implemented after the 
implementation of some particular generator polynomials circuits. 
The sequential circuits in Lava are synchronous circuits [1], a delay component is used to 
remember the previous input (state of the circuit), so we will not use the clock signal in 
this Lava code. 
 
In the following Lava code we utilize higher structural properties of Lava by using the 
function as a parameter to other functions (higher-order functions) that allow us to build a 
generalized circuit (or circuit generator). 
 
Registers and XOR gates that build the circuit of LFSR are defined as a list of crcCell , 
and the crcCell  itself is a function that creates these registers and XORs. The function 
connectCRC  is used to connect these crcCells. Then the function cellSeq  is used to 
feedback the content of the last register (MSB) to all the XORs gates. 
  
  
import Lava  
 
latch (fb,inp1)=q 
 where 
   q=inp1 
olatch (fb,inp2)=q 
 where 
  q=(xor2(fb, inp2)) 
{- 
*************************************************** ************* 
Create the particulr cells(registers) and XOR gates  of the  
generator polynomial according to the coefficients of the  
generator polynomial of the code(whether it is 0 or  1) 
*************************************************** ************* 
-} 
crcCell bit 
   | bit==low  = latch 
   | bit==high = olatch 
 
poly xs=[crcCell x| x <-xs ] 
 
{- 
*************************************************** ***************** 
Create the main sequential circuit by using it´s fe edback  
*************************************************** **************** 
-} 
  
cellSeq circ inp=outs 
 where  
  fb =delay low (last outs) 
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  outs=circ (fb,inp)  
 
{- 
*************************************************** ****************** 
Connect the cells(registers) and the XORs together 
*************************************************** ***************** 
-} 
 
connectCRC [] (fb,inp2)=[] 
connectCRC (crcCell:crcCells)(fb,inp2)=(out1:outs) 
 where  
  out1=crcCell(fb,inp2) 

outs=connectCRC crcCells (fb,delay low out1) 
 

{- 
*************************************************** ****************** 
generate a crc circuit for a given polynomial  
*************************************************** ******************* 
-} 
crc p=cellSeq(connectCRC(poly p)) 
 
 

The simulation of the general polynomial CRC is made by giving one of the particular 
polynomials generators as a sequence of bits from left to right (LSB to MSB) to generate 
the CRC circuit for this given polynomial and then give the sequence of bit message as 
input to this circuit.  
 
In the following example the same particular generator polynomial of sequence bits 
100111 (x5+x2+x+1) and message sequence bits: 10000000 that used in example1 is also 
used as input to the circuit, to compare the results with the results obtained from the same 
particular circuit that we used. 
 
The simulation as shown below: 
 
Main> simulateSeq (crc[high,high,high,low,low]) 
[high,low,low,low,low,low,low,low,low,low,low,low,l ow] 
 
[[high,low,low,low,low],[low,high,low,low,low],[low ,low,high,low,low],[
low,low,low,high,low],[low,low,low,low,high],[high, high,high,low,low],[
low,high,high,high,low],[low,low,high,high,high],[h igh,high,high,high,h
igh],[high,low,low,high,high],[high,low,high,low,hi gh],[high,low,high,h
igh,low],[low,high,low,high,high]] 

 
 
Generating VHDL code from the general polynomial Lava code: 
 
When the general polynomial CRC circuit is described, the generated VHDL code is 
created by using of the specific polynomial as follows: 
 
Main> writeVhdl "general-crc" (crc([high,high,high, low,low]))  
Writing to file "general-crc.vhd" ... Done. 
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On the Command above a string file name "general-crc" given to the VHDL code and the 
function name crc and its specific polynomial are written. 
 
The following is the VHDL code created: 
-- Generated by Lava 2000 
 
use work.all; 
 
entity 
  general-crc 
is 
port 
  -- clock 
  ( clk : in bit 
 
  -- inputs 
  ; inp : in bit 
 
  -- outputs 
  ; outp_0 : out bit 
  ; outp_1 : out bit 
  ; outp_2 : out bit 
  ; outp_ 3 : out bit 
  ; outp_4 : out bit 
  ); 
end entity general-crc; 
 
architecture 
  structural 
of 
  general-crc 
is 
  signal w1 : bit; 
  signal w2 : bit; 
  signal w3 : bit; 
  signal w4 : bit; 
  signal w5 : bit; 
  signal w6 : bit; 
  signal w7 : bit; 
  signal w8 : bit; 
  signal w9 : bit; 
  signal w10 : bit; 
begin 
  c_w3      : entity gnd   port map (clk, w3); 
  c_w9      : entity delay port map (clk, w3, w1, w 9); 
  c_w8      : entity xor2  port map (clk, w2, w9, w 8); 
  c_w7      : entity delay port map (clk, w3, w8, w 7); 
  c_w6      : entity xor2  port map (clk, w2, w7, w 6); 
  c_w5      : entity delay port map (clk, w3, w6, w 5); 
  c_w4      : entity delay port map (clk, w3, w5, w 4); 
  c_w2      : entity delay port map (clk, w3, w4, w 2); 
  c_w10     : entity id    port map (clk, inp, w10) ; 
  c_w1      : entity xor2  port map (clk, w2, w10, w1); 
 
  -- naming outputs 
  c_outp_0  : entity id    port map (clk, w1, outp_ 0); 



 31 

  c_outp_1  : entity id    port map (clk, w8, outp_ 1); 
  c_outp_2  : entity id    port map (clk, w6, outp_ 2); 
  c_outp_3  : entity id    port map (clk, w5, outp_ 3); 
  c_outp_4  : entity id    port map (clk, w4, outp_ 4); 
end structural; 

 
3.3 Testing of the general polynomial CRC: 
 
We want to be confident that our implementations of the general CRC function works as 
expected. Usually two types of strategies are used. 
 
The first is to find many test cases. In this case we find many sample inputs and outputs. 
The expected results are calculated manually. By using test cases in the program we get 
actual results. The expected results are matched with the actual results if both the results 
are same then the program is working fine. In this case few inputs and outputs can be 
tested with the program.  
 
The second strategy is to define properties we expect our program to have. Testing  
can then be done by generating test data automatically and checking whether the  
properties hold or not. While we cannot be totally sure about the correctness of our  
program, as we would if we formally proved the properties, we can still test our program 
in many more cases. 
 
By using first strategy we cannot be 100% sure about obtaining the correct results. It is 
always better to use the second strategy as numerous test data can be used to test the 
program.  
 
One of the important properties of calculating the CRC by using modulo-2 polynomial 
operation is that the message appended with this CRC is a multiple of the generator 
polynomial. This mean the result of modulo operation for the message appended with 
CRC and the generator polynomial is zero. 
 
The above property is defied as below 
 

( u(x) + s(x) ) mod g(x) = 0 
 

Note that u(x), s(x) and g(x) represent message, check bits and the generator polynomial 
respectively. 
 
As Lava is embedded in Haskell it is possible to use Haskell features to define properties 
of CRC. The property prop1 below is defined as taking a message and the generator 
polynomial as input. The general CRC circuit is used to get FCS which is appended to the 
original message (without zero trail). Then the same general CRC circuit is used with the 
enlarged message (message + FCS) to get the remainder, which should be low . 
 
Some Haskell functions are used in prop1  like replicate to automatically append zeros 
trail to original message before the CRC calculation. The function last  is used to get 
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final result of the registers and the reverse  function is used to put the FCS bits in the 
right direction, from right to left (MSB to LSB). 
 
The prop1  function is defined as   
 
prop1 p m =result 
 where 
  fcs=(last(simulateSeq(crc p)(m++replicate(length p)low))) 
  zero_list=last(simulateSeq(crc p)(m++reverse fcs) ) 
  result=simulate orl(zero_list) 

 
If the contents of all the registers are zero then there is no error and the result is low 

(zero) otherwise the result is high and there is no error. 
 
The simulation of the property function is below:  
 
Main> prop1 [high,high,high,low,low][high,low,low,l ow,low,low,low,low] 
low 

 
The above function prop1 takes inputs, one message and one generator polynomial at one 
time but automatic testing with massive inputs cannot be done. To test the program with 
massive inputs, a function m_s is defined that generates a massive collection of messages. 
These messages and commonly used generator polynomials are used as input to the 
functions test_prop1 and check.  Both functions use prop1 to get all the remainders of 
all messages and polynomial generators. 
 
The following is the automatic testing program that contains the functions described 
above. With this program Lava must be run with command lava-h9999999   
  
-- ************************************************ **************** 
-- The function of generating message collection   
-- ************************************************ **************** 
collect_msg [] = [] 
collect_msg (y:ys) = (ys) : [ (y:ps) | (ps) <- coll ect_msg ys] 
 
prop1 p m=result 
 where 
  fcs=(last(simulateSeq(crc p)(m++replicate(length p)low))) 
  zero_list=last(simulateSeq(crc p)(m++reverse fcs) ) 
  result=simulate orl(zero_list) 
 
-- Commonly used generator polynomials 
p1=[high,low,high,low,low,low,low,low,low,low,low,l ow,low,low,low,high,
high]   
p2=[high,high,low,low,low,low,low,low,low,low,low,l ow,low,low,high,low,
high] 
p3=[high,low,low,low,low,high,low,low,low,low,low,l ow,high,low,low,low,
high] 
p4=[high,high,high,low,low,low,low,low,low,low,high ,high] 
p5=[high,low,low,low,low,low,low,low,high] 
 
generators=[p1,p2,p3,p4,p5] 
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--************************************************* ******************* 
-- Give an input to the function collect_msg 
--************************************************* ******************* 
m_s=collect_msg[high,low,high,low,low,low,high,high ,low,high,low,high,l
ow,high,low,high,low,high,low,low,high,high,low,hig h,high,low,high,high
,low,high,high,high,high,high,low,high,high,low,hig h,high] 
 
 
{-************************************************* ******************* 
  Apply all messages and the commonly used generato rs to the property  
  ************************************************* *******************-
} 
check ms=[prop1 po ms|po <- generators] 
 
 
--************************************************* ***************** 
-- Apply every message with each polynomial  
--************************************************* ***************** 
test_prop1=simulateSeq check m_s 

 
The simulation of the automatic testing program is given below 
 
Main> test_prop1 
[[low,low,low,low,low],[low,low,low,low,low],[low,l ow,low,low,low],[low
,low,low,low,low],[low,low,low,low,low],[low,low,lo w,low,low],[low,low,
low,low,low],[low,low,low,low,low],[low,low,low,low ,low],[low,low,low,l
ow,low],[low,low,low,low,low],[low,low,low,low,low] ,[low,low,low,low,lo
w],[low,low,low,low,low],[low,low,low,low,low],[low ,low,low,low,low],[l
ow,low,low,low,low],[low,low,low,low,low],[low,low, low,low,low],[low,lo
w,low,low,low],[low,low,low,low,low],[low,low,low,l ow,low],[low,low,low
,low,low],[low,low,low,low,low],[low,low,low,low,lo w],[low,low,low,low,
low],[low,low,low,low,low],[low,low,low,low,low],[l ow,low,low,low,low],
[low,low,low,low,low],[low,low,low,low,low],[low,lo w,low,low,low],[low,
low,low,low,low],[low,low,low,low,low],[low,low,low ,low,low],[low,low,l
ow,low,low],[low,low,low,low,low],[low,low,low,low, low],[low,low,low,lo
w,low],[low,low,low,low,low]] 
 

The above lists of low (zeros) represent the remainders of every message with each of the 
5 commonly used polynomials. 
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4 Conclusions 
 
In this thesis we have used the functional hardware description language Lava to 
implement one of the functions of the baseband processing chain. We have programmed 
a circuit implementing CRC for a given polynomial and we have also tested it. We have 
also implemented a circuit generator that given a polynomial generated the 
circuit implementing CRC for that polynomial. For this, higher order functions were 
used. All these versions of CRC were used to generate VHDL descriptions as a first step 
to implementation on hardware platforms. 
 
The reusable hardware components can be described for baseband processing using Lava. 
CRC has been described as reusable hardware component in this thesis. Lava provides 
the libraries through which one can possibly make reusable hardware components. 
 
The properties for some of the hardware components of baseband processing can be 
defined and are used for automatic testing. The general circuit function is tested 
automatically first by defining a property of the CRC and subject it to massive number of 
messages and commonly used generator polynomials.  
 
Thus it can be concluded that Lava can build a complete system in which real circuits can 
be described, verified and implemented.   
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