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ABSTRACT

In this thesis, we present a variable FFT that can support:multiple FFT/IFFT size
for LTE SC-FDMA systems. The 2048/1024/512/128-point variable FFT is based on
radix-2, radix-3 and radix-2°-FFT algorithm, and we use mixed-radix algorithm to
perform them. To handle both FET and IFFT operations required in the SC-FDMA
systems using only one-FFT/IFFT processor, we carefully schedule the timing plan.
As a result, the required area can be reduced. For the architecture, we propose a
ripple-like ON/OFF stage control and-an early access of reordering to implement our
proposed timing plan. The proposed variable FFT processor is implemented using
Xilinx FPGA Vertex5-XC5VLX110T-FF1136 at 100MHz operation frequency.
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Abstract

In this thesis, we present a variable FFT that can support multiple
FFT/IFFT size for LTE SC-FDMA systems. The 2048/1024/512/128-
point variable FFT is based on radix-2, radix-3 and radix-23 FFT algo-
rithm, and we use mixed-radix algorithm to perform them. To handle
both FFT and IFFT operations required in the SC-FDMA systems using
only one FFT /IFFT processor, we carefully schedule the timing plan. As a
result, the required area can be reduced. For the architecture, we propose
a ripple-like ON/OFF stage control and an early access of reordering to
implement our proposed timing plan. The proposed variable FF'T proces-
sor is implemented using Xilinx FPGA Vertex5-XC5VLX110T-FF1136 at
100MHz operation frequency.
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Chapter 1

Introduction

1.1 Motivation and goal

LTE (Long Term Evolution) is a standard for wircless communication of high-
speed mobile phones and data terminals, which is an evolution of the GSM/UMTS
standards. It is a next generation-mobile system from 3GPP (3rd Generation
Partnership Project) with a focus on wireless broadband: The goal of LTE is to
increase the capacity and speed of wireless datanetworks using new DSP (Digital
Signal Processing) techniques and modulations. Downlink andwuplink multiple
access of LTE use OFDMA (Orthogonal Frequency-Division Multiple Access)
and SC-FDMA (Single-carrier FDMA) respectively. SC-EDMA 'is particularly to
reduce power consumption. LTE, Wi-MAX and UMB are called 4G.LTE com-
bines OFDMA /SC-FDMA /MIMO /HARQ. Henee it has good data rate. Some

important features of LTE in physical layer as follow:

¢ OFDMA techniques:
OFDMA is used in many wireless communication standards, which is also
applied to LTE downlink. In OFDM-based systems, FFT is key component

and hence it is widely studied in recent years.

e SC-FDMA techniques:
SC-FDMA is similar to OFDMA because they both use FFT, but SC-
FDMA has lower PAPR (peak-to- average power ratio). Lower PAPR is a



great benefit to transmit signal on mobile terminal, because it can reduce

power consumption.

Variable bandwidth

LTE can support variable bandwidth in physical layer. That is, it can
adjust the transmission rate via changing the bandwidth. As a result, we
need FFT with various sizes. For example, the bandwidth for LTE systems
can be 1.4MHz, 3MHz, 5MHz, 10MHz, 15MHz, 20MHz corresponding to
the 128-, 256-, 512-, 1024 -, 1536-, and 2048-point FFT. This dynamic
adjustment of bandwidth and possible FFT size enables user roaming in
different network. Thus, the variable FET is a key component for OFDM

systems with various _bandwidth.

SC-FDMA is a new.multiple-access-technique that uses single carrier modula-

tion, DFT-spread orthogonal frequency multiplexing, and frequency equalization.[7]

It has a similar structurcrand performance as OFDM, except the addition of a

new DF'T block. Beeause of that, it increases area, cost and power consumption,

which is a challenging to solve the problcms.

1.2 Contributions and Features

In this thesis, we propose an FET/IFFT architecture for SC-FDMA, and im-
plemented it using a Xilinx FPGA design board with Vertex5-XC5VLX110T-
FF1136. By using time sharing technique, the proposed FFT/IFFT can handle
both the FFT and IFFT in SC-FDMA using one FFT processor. Hence, it re-

duces the hardware complexity. In this thesis, we will show how to perform

time sharing. Moreover, the used FPGA design flow will also be described and

demonstrated. Detailed architecture specifications of the proposed FFT/IFFT

processor are listed as follows:

e High radix to reduce the complexity: Because higher-radix algorithm can

reduce number of multiplier and power consumption, we employ radix-23

algorithm to implement the last two stages.

2



e Subcarrier mapping: By our design, we can do subcarrier mapping in re-

ordering step. We do not need unnecessary latency to perform that.

e Make FFT/IFFT work at the same time: SC-FDMA system has both FFT
and [FFT, because FFT has similar structure with [FFT, we use timing
plan to do FFT and IFFT at the same time. Thus, we almost can reduce

a half of the hardware.

e Early access of reordering: By our calculation, we can read the FFT output
data earlier by using ripple-like ON/OFF stage control. Thus, timing plan

can be designed better.




Chapter 2

Background

2.1 FFT/IFFT for SC-FDMA.vs OFDM

SC-FDMA (Single-carrier Erequency-Division Multiple:Access) is a technique for
high data uplink communication and has been adopted by LTE. Fig. 2.1 shows
a block diagram of a:SC-FDMA-system. SC-EDMA has similar throughput per-
formance and complexity ‘with OFDM, while its PAPR (peak-to-average power
ratio) is much smaller than OFDM systems, which makes it suitable for up-
link transmission. SG-FDMA is often viewed as FFT coded OFDM. The use of
FFT transforms the time-domain symbols to the frequency-domain before pass-
ing through the standard OF DM modulation. Thus, SC-EDMA has all the ad-
vantages of OFDM. The main advantage of OFDMyas'is for SC-FDMA, is its

robustness against multipath signal propagation;-which is suitable for broadband

systems.

PioS

N-point | | Subcarrier
FET Mapping

Add
cp

Conventional OFDM
system

StoP

. Subcarrier
oo 55
Equalization

Remove

cp

Figure 2.1: SC-FDMA Transmitter and Receiver.




2.2 FFT algorithm

FFT algorithm has several types, including radix-2, radix-4, radix-8, radix-22 and

radix-2%. Radix-2 is the most simple and elastic structure of all FFT algorithms.

In many researches, we know higher radix has lower operations which results in

good efficiency, but it increases complexities. Radix-2? and radix-2* have simple

structure of radix-2 and lower operations of higher radix. Therefore, we use series

connection to combine radix-2 and radix-23. Because LTE standard has 1536-

point FFT, we use radix-3 for implementation. FFT has two mathematics modes

which are DIT (decimation in time) and DIF (decimation in frequency). We use

DIF mode in follows reduction.

2.2.1 Radix-2 algorithm

A basic N-point discrete Fourier-transform (DET) is defined as

N—1
X(k) = zm)Wy', k=01,...,N—1,
n=0

where x(n) and X (k)are complex number. The twiddle factor is

) 2mnk L= 2mnk
L —j'sin
IRy

X(2r) = s(n)W@", r=0,1,...,N/2—1
n=0
N/2—1
= Z x(n) VVZm Z (n) WQ"”
n=0 n=N/2
N/2—1 N/2-1 02 Vo
= 3 W+ 3 alnt NWRC
n=0
N/2—1

= Z[a: ) +x(n+ N/2WF™ (Wit =1)

N/2 1

_ Z)[I )+ a(n+ N/2IW, (W™ =Wx,)

(2.1)



X(@2r+1)

N-1

S a(m)W, r=0,1,...,N/2 -1

n=0

N/2-1 N—-1
Z x(n)Wj(VQ’r-‘rl)n + Z x(n)W](VQ'I’-Fl)n
n=0 n=N/2

N/2—-1 N/2—-1

ST oamWET Y a(n+ Nj2)W TN
n=0 n=0
N/2—1

S fe(n) —z(n+ N2JWET (W = 1)

n=0

N/2—1
2_:0 [x(n) — x(n+ N/Z)]WJZWJ%,’”"
N/2—1
2N 2ln + N/DIW Wi (2.4)

Take N=8 for instance; x[0]-x|3]-and x|4}-x[7| add and subtract mutually as

shown in Fig 2.2, then the subtracted values are multiplied by twiddle factors.

x[0]

g[0]

x[1]

> ——0x[0]
/ gl

x[2]

/ " N2-point [ 7%
DFT
[ o, | £ 56k

——Ox[6]

x[4] LU

—Ox[1]

x[5]

Mhm% -

x[6]

q -1
/\\'\_1 N/2-point
N\ ey DFT .
N

b3,

x[7]C

—>0Ox[7]

-1

Figure 2.2: Simple DIF 8-point FFT

Use the same axiom to go on decomposing, shown in Fig 2.3. After several

times of decomposing, we can obtain Fig 2.4, a complete DIF 8-point FFT with

radix-2.



x[0] = —> — ——-Ox[0]
C\ / N/4 - point
DFT
x[1] > E— ——Ox[4]
\ /—4 W,
x[2] > —_— —»Ox[2]
A N/4 - point
W, DFT
IS0 0 0TI,
1
o o O

——Ox[1]
N/4 - point

DFT

—Ox[5]

—0Ox[3]

N/4 - point

896

Qoy/

- l SO \
/m -
w
; Ox[5]
/\\\-1 -
W W
x[6]C > ’; — - Ox[3)
W W W'
x[71C > klj* —> g ——VO—V__T Ox[71

Figure 2.4: DIF 8-point FF'T with radix-2



2.2.2 Radix-2? algorithm

8V_point (N is an integer) FFT usually uses radix-8 or radix-2% algorithm for im-
plemention. They have advantage in trivial twiddle factor, but radix-8 structure
demands more complexities than radix-2%. Hence we usually use radix-2? instead

of radix-8 in implemention. Radix-23 algorithm can be written as follows.

X (8ky + 4ls + 20y + 1)

N/8—1

2N AN 6N
— Z {[x(n) + x(n 7 ?) L= Wilx(n —+ ?) -+ Wfll + Z)S(TZ + ?)W[l]
n=0
N 3N 5N 7N
+x(n + g) + z(n + ?) + Wiz(n + ?) + Wiaz(n + ?)W[l]Wg—l
YW Wi
N/g 1 AN oA 6N
= > {jz(n) + Wha(n+ =) WERW Iz (n+ =l Wihia(n + <)
n=0
N 5N 3N 7N
Ha(n 4 =)+ Wolal Fm)d Wo Wit (n4==) # W' a(n + —= )Wt
Lo ls=0,1  k=01,....N/8—1 (2.6)

Fig 2.5 shows DIF butterfly with radix-23. From Fig 2.6, we can see that
radix-2% has the simple basic stucture of radix-2, but the twiddle factor was
replaced by trivial twiddle factor (W}, W¥). Thus we say radix-23 algorithm is

good for implemention.
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Figure 2.6: DIF 8-point FFT with radix-23




2.2.3 Radix-3 algorithm

N N l 2N 20111 nlyy nk
XBki4+1) = > [X(n)+z(n+ §)W3 + x(n + ?)W3 IWN W3
n=0
[=0,1,2 k=0,1,...,N/3 -1 (2.7)
Fig. 2.7 shows a radix-3 butterfly.
0
ym) W,
{we,we,we b xw >0

y(n+0), !
N>O

0 1 2
{0, W W0 i)

y(ni2) W 2"
N O

{ Wl\(/)’ Wy , } X(n+2)

Figure 2.7: DIF butterfly with radix-3

From 2.7 ., the input‘should.be multiplied by extra twiddle factors and then
passed to the butterfly. More specifically,

y(n) =)Wy +z(n + DHWy +z(n +2)Wy
y(n+1) = z(n)Wx +2(n + )Wx + 2(n 4+ 2)Wx
y(n+2) = x(n)Wy +a(n + D)W3 +z(n +2)Wy

An example for a 9-point FFT butterfly with radix-3 is shown in 2.8.
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Figure 2.8: DIF 9-point FET with.radix-3
2.2.4 FFT/IFFT
The IFFT of an N-peint sequence #(n).is defined as
1 N=1
w(n) = GO XEWR™ k=014 4N~ 1 (2.8)
k=0

In order to implement the IFET algorithm more efficiently, equation (2.9) can

be rewritten as

N-1 *
2(n) = % {kg_% X*(k)W}\}’“} (2.9)

According to equation (2.10), the IFFT can be performed by adding the com-
plex conjugate of input data and output data without changing any coefficient
in the original FFT architecture. We can see Fig. 2.9, it utilizes multiplexer to
change the mode that operation of FFT or IFFT. Thus, the hardware implemen-
tation can be more efficient. The data sequence is divided into two data paths by

commutator, and then properly add and substract mutually for two data paths.

11
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The PE (processor element) is implemented by radix-2 algorithm. The numbers

of PE unit, multipliers and delay elements are with order logas N (loga N — 2) and

(3X) — 2 respectively.

~‘ >  FFT ~‘
[1* P X [*

Figure 2.9: Block diagram of FFT/IFFT.

c <
< aE

2.3 Variable FFT

Many standars need various FET, such as DAB; DVB-T, VDSL, Wi-MAX and
LTE. Their FFT sizes are shown in Table 2.1. Hence, the design of a scalable FFT
for different purposés:become -more important. For variable FET| we use mixed-
radix algorithm which is more elastic and convenient for variable FFT sizes.
We utilize the above radix-2,radix-2% and tadix-3 for mixed-radix to present a
variable FFT which"ecan support 64532, 16 and 8-=point operation. It is very
easy to modify our LITE standar-designed by 128,256, 512, 1024, 1536 and
2048-point FFT operation size to create any required length of FFT. Hence, this
modification of circuit is simple and convenient to-be used for many FF'T sizes

of other standards. For the others scalable FET, please refer to [2].

Communication system | FFT size

LTE 128,256,512,1024,1536,2048
Wi-MAX [6] 128,512,1024,2048

VDSL [3] 8192,4096,2048,1024,512
DAB [4] 2048,1024,512,256

DVB-T [5] 8192,2048

Table 2.1: FFT size in several OFDM or SC-FDMA systems

12



2.3.1 Pipeline FFT processor architecture

The traditional radix-2 pipeline FF'T architectures can be roughly classified into
MDC (multi path delay commutator) and SDF (single path delay feedback) [1].
Fig. 2.10 shows a radix-2 multi-path delay commutator (R2MDC) architecture
with N=8. The data sequence is divided into two data paths by commutator,
and then properly add and substract mutually for two data paths. The PE
(processor element) is implemented by radix-2 algorithm. The numbers of PE
unit, multipliers and delay elements are with order logoN (logaN —2) and (2Y) —
2 respectively. Fig. 2.11 shows a radix-2 single path delay feedback (R2SDF)
architecture with N=8. The use of delay elements in R2SDF is more efficient
than R2MDC by sharing the'memory: The numbers of PE units, multipliers and
delay elements for R2MDC are N — 1, (logoN — 1) and l0goN. The SDF FFT
and MDC FFT are deseribed as-follows.

e a) MDC FFT#Becausethe MDC FET utilizes multi path to increase data
path, the MDC FET can increase the throughput rate, Its drawback is that

the memory size become much miore:

e b) SDF FFT: Because the SDF FET utilizes-feedback to reuse memory,
the SDF FFT can reduce the memory usage. Its drawback is that the

throughput rate is low.

Y

Y
I01RINUITOD

Jojeinuwiuuod

ully

Figure 2.10: Architecture of R2MDC.
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I:-j-4 I:-j-2 I:-j-l
Radix-2 Radix-2 Radix-2
PE PE PE

—» R R >

Figure 2.11: Architecture of R2SDF.

2.3.2 Variable FFT processor architecture

We can see a variable FFT which ean achieve 64-point, 32-point, 16-point and
8-point operation in Fig. 2.12. The structure uses mixed-radix algorithm for
implemention, where stage 1 to stage 3-are radix<2 and stage 4 is radix-23. It
utilizes above SDF structure and multiplexors to perform the variable FFT. There
are four different FFT lengths. Forthe 64-point FET all stages are active. For
the 32-point FFT, the input data will skip the first stage and go'to the second
stage directly. For the 16-point FET, the input data will skip.the first stage
and the second stage and go to the third stage. Multiplexors are used to control
different FFT size operation. . Thus, we can use that to perform variable FFT

easily.
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15 1 =
ROM ROM

ROM
Radix-2 Radix-2 Radix-2
PE PE PE

Figure 2.12: Block diagram of a variable FET for 64-point,32-point, 16-point
and 8-point operation

2.3.3 Subcarrier Mapping

SC-FDMA is a promising technique for high data rate uplink ecommunications.
It is a modified form of OFDMA, and has similar throughput performance with
OFDMA. A pinciple advantage is the peak-to-average power (PAPR), which is
lower than OFDMA. In the SC-EDMA system. structure, subcarrier mapping is
a important factor which affects PAPR and throughput performance. There are
many accurate analyses of throughput and PAPR with subcarrier mapping in SC-
FDMA [8]. There are two ways to apportion subcarriers among terminals, which
are localized SC-FDMA (LFDMA) and distributed SC-FDMA. One realization of
distributed SC-FDMA is interleaved FDMA (IFDMA). The LFDMA and IFDMA

are described as follows.

e a) LFDMA (localized SC-FDMA): Each terminal utilizes a set of adjacent
subcarriers to transmit its symbols. Thus, the bandwidth of LFDMA is
limited to a fraction of all the system bandwidth. Fig. 2.10 (a)

15



e b) IFDMA (distributed SC-FDMA): The subcarriers used by a terminal are
spread over the entire signal band. The occupied subcarriers of users are

allocated uniformly as shown in Fig. 2.10 (b).

A Terminal 1
A Terminal 2
A Terminal 3

subcarriers subcarriers
Localized Mode Distributed Mode
(a) ()

Figure 2.13: Subcarrier allocation methods for multiple (3 users, 12 subcarriers,
and 4 subcarriers per user)

An example of subcarrier mapping is-in Fig. 2.14.° We assume that 12 sub-
carriers are shared by 3 users, so each user has four data symbols to transmit at
the same time. The:DFT output has four complex data'symbols in frequency
domain, and the four data symbols-are mapped on 12 subcarriers using different
mapping methods.

In [8], the authors analyzed the effects of subcarriersmapping on throughput
and PAPR. They find LEDMA with channel-dependent. scheduling (CDS) has
higher throughput than IFDMA ‘but the PAPR performance of IFDMA is better
than LEDMA.
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x(n) | x(0) | x(1) | x(2)] x(3)

X (k)

Interleaved
Mapping

Localized
Mapping

riers per user, 3 users, and 12 subcarriers
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Chapter 3

The proposed scalable LTE for
LTE systems

3.1 Algorithm

From (2.1), the N-point DFT operation can be decomposed todV; X Ny X ... X
N, point DFT operation. We use-the radix=2? as-many as possible reduce the

multipliers. The mathematical representation s shown in equation (3.1).

N = 2048 =8 X 8 X 2 X2 X2 X2 X2 (3.1)
~—
128-point
S —
256-point
512-point
1024-point
2048-point

From (3.1), N = 2048 = N; x Ny =2 x 1024. Define the following indices

_ . nlzoal
n = Nyny +ny = 10240, + ny, {n220,1,...,1023 :
and
ko= kg + Nyky = ky + 2k f1=0,1
= K1 1k = k1 2, ky=0,1,...,1023

(2.1) can be rewritten as
X (k1 + 2k2)
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1023 1 2 2
= > > x(1024n + ng ) WAL2An1+n2) (k1-+2k2)

no=0n1=0

1023 1
= 33T 2(1024n, + ng) Wik nga’gl Wik (3.2)

n2=0 | n1=0

tw1ddle factor

2-point
1024-point
1024
= Y B (o)W, (3.3)
no=0

where B¥) denotes the radix-r algorithm at stage k.
Now Ny = 1024 = Ny X N3= 2 x.512. Define the indices ny and ky as

_ s nyp=10,1
Ny = N3n2 +nsg = 512712 + N3, { N3 O7 17 511 s
and
y - kQ — 07 1

ky = kg + Noks = ko + 2ks3, { ks = 0,1,%.,511
We have:

X (k1 2k + Aks)

511 1 o2k

= Y S BB + ng) Wizt 2k
n3=0mn2=0
511 1

= Y1 X BUG1m t )W Wigy g mag
T'L3=O na= =0

twiddle factor

4-point
512-point
511 -
= . By (ng)Wgiy® (3.4)
n3=0

In this way, we can obtain the result is given by

X (ky + 2ky + ks + 8ky + 165 + 32k)
i (5) %ks (3'5)
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where kg = 0,1,...,63. By decomposing the 64-point DF'T into the 8-point DFT,
we can achieve the 2048-point mixed-radix FFT algorithm.

X(kl + 2ko + 4ks + 8ky + 16k5 + 32kg + 256k7)

7 7
- ¥ { S BY (8 + m)wgwkﬁwgkﬁ} Wy (3.6)

n7=0 | neg=0

Because the radix-8 butterfly unit is inefficient in the use of adders and mul-
tipliers. we use the radix-23 FFT algorithm [1] to replace the radix-8 FFT al-
gorithm. In this case, we can further reduce the complexity of the butterfly by
using the radix-2 butterfly three times. The SFG of the 2048-point mixed-radix
FFT algorithm, is as shown in Fig. 3.1 and Fig. 3.2.

Let ng = 4aq + 2a + @iy and kg = [1 + 205 + 453, we can obtain the form

with radix-2% in equation (3:9).

X (ky 42k + 4k3 + 8ky + 16ks + 32(By 205 + 4B:)k 256k-)

7
= S B, k)W, (3.7)
ny=0
where

1 1 1
B (nr,kr) = 320555 BY(8(4ay + 28 F ) + nr) Wi

a3=0as=0a;=0

sz& W;zﬁz W8a3 (B1+2p2) Wzasﬁa W&?(ﬁl +282+483) (38)
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x(n) O O y(n)

x(n+8) O O y(nt1)
X(n+16) O O y(n+2)
x(n+24) O O y(n+3)
x(n+32) O O y(nt4)
x(n+40) O O y(n+5)
x(n+48) O O y(n+6)

X(n+56) O O y(n+7)

Figure 3.2: The SFG of stage 6 to stage 7 (radix-23).

LTE standard has 1536-point FFT, and the above equations only perform
128-point, 256-point, 512-point, 1024-point and 2048-point algorithm. Hence we

21



derive the 1536-point algorithm as follows.

N =1536 = 8 X 8 x 2 x2 X2 x3 (3.9)
—_——
128-point
—_——
256-point
512-point

1536-point

From (3.9), N = 1536 = N; x Ny = 3 x 512. Define the following indices

1,2
1,...,511

n = Nong + no = 512n1 + no, { 8

and
k = ki +Niky = ki + 3ka, {
(2.1) can be rewrittenas

X (ia +3k2)
511
- Z Z (512n, +n2)W(5§§”1+"2)(k1+3k2)

no=0n1=0

511 1

= < ST alb120, + ny) Wk W{‘523"’61 Wik (3.10)

=0 =0
" & tW1ddle factor

3“point
512-point
511
= Y B ()", (3.11)
no=0
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x(0)

x(1)
x(2)

x(N/3-1)

x(N/3)
x(N/3+1)
x(N/3+2)

(N:3-1)
wy

X(2N/3-1) O

X(2N/3) L ®
X(2N/3+1) 5O
x(2NI3:2) —0

x(N-1) O

Figure 3.3: The SEG of DIF with radix-3

3.2 Architecture

The proposed architecture of the variable FET/IFET processor is shown in Fig. 3.4.
In uplink transmission, SC-FDMA needs both FFT and IFFT. Thus we share
FFT and IFFT hardware to reduce area and power. For FFT/IFFT sharing, we
plan a suitable timing achedule, so that the FFT/IFFT is operated at 100MHZ
and can handle a 25MHZ input throughput rate. We use LFSR (Linear Feed-
back Shift Register) to create variable data rate for simulation convenience.
The variable FFT for LTE system provide 2048/1536,/1024/512/256/128-point
FFT/IFFT operations, and we design subcarrier mapper to map N point FFT to
M point IFFT. After the FFT/IFFT, we use RAM to bitreverse the FFT/IFFT.
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100MHZ 25MHZ

I N
O
=
jant
N

Re LFSR(16bits)

reorder

Im LESR(16bits)

Re LFSR(16bits) FFT/IFFT

Im LFSR(16bits) TFFT output

FFT/IFFT

Re LFSR(16bits) FFT output

—O
—O
Im LFSR(16bits) —O
—O

RAM

reorder

Re LFSR(16bits)

Im LFSR(16bits)

Fig. 3.5 shows a variable FFT pr 1024/1536 and 2048-
point. From subsection 3.2. NS sve variable length

FFT.

ES]
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_| Module | 1536
” 8
M M M —_— M 3
Data in U b Module U Module U Module U Module
X 1 X 2 X 3 I X 4
FFT/IFFT 2048 1024) 5] 25
MODE

M : M 128

U < Module l— Module — Module U

X [1* 7 6 5 X |«

Figure 3.5: Block diagram of the variable FE'T processor.

Module 1 to Module 5(radix-2 FFT algorithm)
Module 1 to medule 5 contain one butterfly unit, one multiplier, ROM
table and onegmemory bank per module, which is shown in.Fig. 3.6. Their

memory bank sizes are with order 1024, 512, 256, 128 and 64 respectively.

Module 6 and Module 7 (radix-2°> FFT algorithm)

Module 6 and module 7 contain three butterfly units and three memory
bank per module, which is shown in Fig. 3.7. The'size of the memory bank
from stage one to stage three of module 6 are with order 32, 16 and 8
respectively. The size of the memory bank from stage one to stage three of
module 7 are with order 4, 2 and 1 respectively. The multiplier of trivial

twiddle factors such as wg and w) can be replaced by shift adders.

Module (radix-3 FFT algorithm)

Module 8 contains one butterfly unit, one multiplier, ROM table and two
memory banks, which is shown in Fig. 3.8. We can see that the butterfly
unit is different from other modules, i.e. module 8 is radix-3 FFT. The

input data have to be multiplied by W, W#% and Wy first.
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ROM

v v
v Ao

D >
v

Figure 3.8: Block diagram of module 8 (radix-3)
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3.2.2 Subcarrier mapper

In SC-FDMA uplink system, N-point FFT is mapped to M-point IFFT. We can

operate that in reordering step, which is shown in Fig.3.9.

Subcarrier
Mapping

)

—> FFT —» reordering —¥»| IFFT |3 reordering —»

Figure 3.9: Block diagram of FET and IFFT with subcarrier mapper

e Localized subcarrier mapping
We save the index of X inthe ROM. Then we read the adresses from the
ROM to writethe FFT output data into RAM, which is shown in Fig. 3.10
with 4-point FET output mapping to the input of 8-point IFFT.

e Distrubuted 'subcarrier mapping

Distrubuted sube¢arrier mapping has the same access control with localized
subcarrier mapping. The.adresses of the distrubuted subcarrier mapping
can be obtained from some mathematical formula described below:

When N = 2%-point FF'T is mapped to M = 2Y-point FFT, we should add
y — x bits zero, then bitreverse all bits of the FFT. Take an example for
N=4 and M=8 in Fig. 3.11, we add one zero and then bitreverse the three
bits. Because 1536-point is mapped to 2048-point which is particular, we
find another method to implement that. First we divide the index by 3
and then do floor function. Finally bitreverse all bits of the FFT as above.
Fig. 3.12 is an example for N=6 and M=S8.
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Time Address

Time  Xlindex] 2| oxm |1
o | X0 1| x| o2

1 X[2] —_— 3 X[3] 3

2 X[1] 0 4

3 X[3] 0 5

0 6

0 7

Figure 3.11: Distrubuted subcarrier mapper with N=4 mapping to M=8
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Time Address

Time 0 X[0] 0
0 X[0] 2 X[1] 1
1 X[3] 4 X[2] 2
2 X[1] D 0 3
3 X[4] 1 X[3] 4
4 X[2] 3 X[4] 5
5 X[5] 5 X[5] 6
v
0 7
- New address
. Original .
X[index]  ,4dress L/\ddrcss/?ﬂ = original address +Laddrcss/3j
X[0] 0 0 0
X[3] 3 1 4
X[1] 1 0 1
X[4] 4 1 5
X[2] 2 0 2
X[5] 5 1 6

Figure 3.12: Distrubuted subecarrier.mapper with N=6 mapping to M=8

Please note that there are.some easier ways to generate the SC-FDMA sig-
nals for distributed subcarrier mapping. For instance, Fig. 3.13 shows that for
N=M=S8, there is no need to perform FET and IFFT at all. Fig. 3.14 shows that
for N=8 and M=4, the output signal of SC-FDMA can be obtained by repeat-
ing the input data twice so that there is no need to perform FFT and IFFT. In
fact, there is no need to perform FFT and IFFT for distributed subcarrier map-

ping. Thus the proposed processor will be active only for the localized subcarrier

mapping.
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x(m) | x(0) | x(1) | x(2)| x3) | x(0) | x() | x(2)| x(3)
DFT
A 4
IDFT
A 4
x(m) | x(0) | x(1) | x(2) | x3) | x(0) | x() | x(2)| x(3)

Figure 3.13: 8-point DFT and IDFT

o T

Figure 3.14: 4-point is mapping to 8-point by distrubuted subcarrier mapping
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3.2.3 Ripple-like ON/OFF stage control

For FFT/IFFT hardware sharing, we should use ripple-like ON/OFF stage con-
trol. This can set each stage of the FFT processor to switch FFT or IFFT.
In SC-FDMA uplink transmission, N-point FFT is mapped to M-point IFFT,
where we always set M be 2048 and N be 128, 256, 512, 1024, 1536 and 2048.
To reduce the hardware, we would like a FFT processing be capable to handle
both FFT and IFFT processing. Thus, the mapped reordered FFT output data
feed back to the input of the FFT processor. In this case, this FF'T can control
the reset time. It is shown in Fig. 3.15.

Reset
(Stagel)

Reset < 1024 ;| |
(Stage2)

Reset < 512 »
(Stage3)
FFT IFFT

(IFFT=1)

Figure 3.15: Clock cyele of ripple-like ON/OFF stage control

Stagel-2 Stage2-3 Stage3-4 Stage4-5 Stage5-6 Stage6-7 Stage /-8 Stage8-9 Stage9-10 | Stagel0-11

Distance

1024 512 256 128 64 32 16 8 4 2
(cycle)

Table 3.1: Distance for each stage
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3.2.4 Early access of reordering

The mapped and reordered data can actually be accessed earlier and we do not
need to wait until the whole mapping and reordering processes finish, Take a
8-point FFT output for instance, the output data are X[0], X[4], X[2], X][6],
XT[1], X[5], X[3], X[7]. Thus we can read the output in when X[1] is available,
i.e. around half of the FFT size. For other FFT sizes, we summarize when the

data can be accessed earlier in Table 3.2.

N-point | Time for early access

128 TN/3
256 15N/16
512 15N/16

1021 | 31N/32
1536~ | 31N/32
9048 | -31.V/32

Table:3.2: A fraction of N=point cab be.read early
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3.2.5 FFT/IFFT hardware sharing

In SC-FDMA system, we need to perform both FFT and IFFT. FFT and IFFT
have similar structure except conjugate of input and output data. The Fig. 3.16
shows a timing plan for a N-point SC-FDMA system, we expect each FFT/IFFT
or reordering takes N clock cycles. FFT/IFFT latency is N and reordering
latency is N, thus we need 4N clock cycles. As a result, if the required data is

R, we should use 4R for the proposed FET/IFFT precessor.

—> FFT —»{ reordering | IFFT [ reordering

< N >« N > < N > < N >

Figure 3.16: Block diagram-of FET/IFEFT for SC-EDMA system

The proposed processor uses pipeline, ripple-like ON/OFF stage control and
early access of reordering to reduce the hardware. An operation example for
N=2048 is shown in Figs. 3.17 and 3.18. Please note that the (a), (b) and (c)
correspond to Figs. 317 (a),.(b) and (c¢). When the clock cycles are 2048 +
1984(2048 % 31/32) = 4033, which is shown in Fig. 3.18,/IFFT starts to operate
in Fig. 3.17(b). Fig. 3.17(¢) is the- JFFT operation.
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FFT Input

FFT Output
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FFT Output
64~2047
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FFT Output
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FFT Output
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FFT

operation
FFT
2048 reorder
FFT <
1
1984 32
—
2048
IFFT A«
IFFT
IFFT stars to operate .
operation
(early access) 2048
—
IFFT
reorder
L 1 T 5 J
Ve ~_ ~~
& 2 2

Figure 3.18: Timing planning of FFT/IFET for N = 2048

3.3 Complexity analysis

Because SC-FDMA system has both FFT and IFFT, but we ¢ombine them in
one. We almost reduce a'half of the hardware, the requirement hardware is shown

in Table 3.3.

Complex Complex ROM Memory
multiplier adder table(bytes) size(bytes)
Proposes
FFT/IFFT 7 25 6144 6142

Table 3.3: Comparison of hardware requirement.
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3.4 Simulation

We conduct two simulation in MATLAB before we design our proposed FFT/IFFT,
i.e. SQNR (Signal to Quantization Noise Ratio) simulation and FFT/IFFT loop
function test. SQNR simulation can determine the bit width of the FFT, and
FFT/IFFT loop function test can verify the function correctness of the SC-FDMA

system.

3.4.1 SQNR (Signal to Quantization Noise Ratio) simu-
lation

Determining appropriate bit width in the FET ‘processor is important. Since
the bit width affects the hardwarec¢ost directly. Bit width can be determine by
fixed-point simulation. We use the SQNR (Signal to Quantization Noise Ratio)
system model to determine the - FET bit width. The system model of SQNR is

shown below.
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Noise

Signal ©. P/S| - Fixed-point FFT| - Y« Error

Float-point FFT | - y,

m model of SQNR.

Consider the SNR

equation as
SQ (3.13)

—SNR

where = 10720

When SQNR is large, it mean antization error is small. From the

figure, the final bit-width can support SQNR up to 40 dB.
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3.4.2 FFT/IFFT loop function test
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Figure 3.20: SQNRwis. SNR.
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For verifing SC-FDMA system, we use MATLAB to simulate a loop which cas-

cading FFT and IFFT as shown in Fig. 3:21. Fig. 3.22 is shown the comparison of

fixed-point system platform and floating-point system platform. Fig. 3.23 shows

the comparison of input and fixed-point system output4 and floating-point sys-

tem output4. Fig. 3.24 shows the.comparison of input and fixed-point system

output2 and output4.

input

M I FFT

outputl

.
-

IFFT

output2

.
-

FFT

output3

IFFT

.
-

output4
—

Figure 3.21: Block diagram of FFT and IFFT in SC-FDMA system
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Figure 3.23: Input v.s. fixed-point output4 and floating-point output4
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Figure 3.24: Input v.s. xed-point output4
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Chapter 4

FPGA implementation and
verification

In this chapter we state how to build the MATLAB platform of the variable FFT
and how to verify the design. The MATLAB platform can be used to verify the
function of the RTL platform. Then we use FPGA to verify the output data of
the RTL platform. The design flow is illustrate in Fig. 4.1.

e RTL verification We use MATLAB toanalyse and verify architecture and

use verilog to design architecture.

e Synthesis and Place and Route We add ICON and ILA of Chipscope

and .ucf file which i8 pin location file in Xilinx synthesis.

e Xilinx iIMPACT We can use IMPACT to download .bit file or .mcs file in
FPGA to verify our design.
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Specification development
system model

!

}

.ucf

Configure Download

Build the system model RTL code Xilinx Core Gen

(Matlab platform) (Verilog platform) . .

[ hd RTL verification
RTL level simulation -v, .vhd, .nge
(MOdClSim) Memory, Multiplier, ...

|
L]

. Chipscope

Xilinx Core Gen (ICON, ILA) Internal Control, Internal Logic Analysis

FPGA Target
(XC5VLX110T)

and Place & Route

ownload Bitstream
(Xilinx iIMPACT)

L]

Verify Your Design
(ChipScope Pro Analyzer)

Figure 4.1: A design flow of the Xilinx design kit Vertex5-XC5VLX110T-FF1136




4.1 RTL verification

. Core generator
—————————————————————— COMPArison f=-=-================--

Multiplier,
Memory

A,

. . -\ Verilog model
LFSR F‘D‘('Ld—pmnl ‘ LFSR —» FET
FFT model
Expect
output
Matlab environment Verilog environment

Successful or Fail

Verification Bit
— - = — -

True

Simulation environment

Figure4.2: Simulation environment for variable FET

We need to buildithe MATLAB platform-and verilog platform. Fig. 4.2 shows
the simulation environment for bit-true verification. ‘At first we need to develop a
floating-point FFT model in MATLAB environment. Since the FFT function in
MATLAB tool is a floating-point function, we-need to build the MATLAB quan-
tizable FFT function using the proposed architecture mentioned carlier. When
the quantizable FFT function is ready, we can determine the bit-width for indi-
vidual stages using the procedure mentioned in Sec. 3.2.6. Fig. 4.3 shows the
quantized result in all stages. Note that total number of bits in all stage is 16.
When the fixed-point FFT model is ready, we use LESR (Liner feedback shift

register) to generate random input data pattern from this model.
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Figure 4.3:"Bit-width in all stages

4.1.1 LFSR (Liner feedback shift register)

Usually, the random¢input data patten of MATLAB will be used by Verilog, but
we will verify that in EPGA. Thus we use LESR to implement the random input
data both in MATLAB and Verilog. First we confitm the two input data of
MATLAB platform and Verilog platform are the'same, and then we compare the
output data from the verilog platform and the MATLAB platform to verify the
result. The LFSR will be inserted in FPGA with FFT. Thus, we can verify the
output data in FPGA. Fig. 4.6 shows the used LFSR structure with 16 bits.
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DIS D14 »{] »| DI3 »] »{ DI3 D12 »]

Y

A
V

Y

A
PV

Y

A
YV

EQ=X16+X14+X13+X11+1

Figure 4.4: LFSR for 16 bits

Since the data rate is R and the operation rate is 4R, we need four LFSR in

simulation. which is shown inFig. 4.5. generate four input data simulta-

neously. So there are four inp ata waiting for the FFT processor. By doing
this, the timing diagram of th ata is ; ig. 4.6.

Clock rate:

Re LFSR(16bits)

| Im LFSR(16bits) |

|
|
| Re LFSR(16bits) | |
| Im LFSR(16bits) | O |

Figure 4.5: LFSR and FFT processor
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o NI
( clock rate 4R)
LFSR I I
( clock rate:R)
LFSR I I
( clock rate:R)

LFSR
( clock rate R)

LFSR

( clock rate R)

Figure 4.6: Timing plan.for' LESR

4.2 Synthesis place-and route

e Overview of ISE software 9]
When RTL code is ready, we will use ISE software to synthesis. The ISE
software controls all aspects of the design flow. Through the Project Navi-
gator interface, we can access_all of the design entry and design implemen-
tation tools. You can. also access the files and documents associated with

the project. We will conduct the operation steps as follows.

e Starting the ISE software
To start the ISE software, double-click the ISE Project Navigator icon on
your desktop.

ISE]

e Creating a new project

To create a new project using the New Project Wizard, do the following
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From Project Navigator, select File — New Project. The New Project Wizard

appears.
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Select the FPGA types in the New Project WizardXDevice Properties page ,
and click Next. Our FPGA is Vertex5-XC5VLX110T-FF1136

e Adding source files

HDL files have to be added to the project before they can be synthesized.

Select Project — Add Source, and Select the following files (.vhd files for

VHDL design entry or .v files for Verilog design entry) from the project directory,

and click Open.



New VHDL Library...
Manual Compile Order
Import Custom Compile File List..

Disable Hierarchy Reparsing
Force Hierarchy Reparse
Cleanup Project Files...

Archive...
Generate Tel Script._..

Design Goals & Strategies...

L Design Summary/Reports
&1 Design Propertics...

e Overview of CORE ' ator softwai

B % B @ |25 7

‘Tha follawing actions are avaiable for this project:
 Import Exstng Customised [P

- B Oigital Sl Pramining ] Protect Options
e > .

Seaich P G [ gear ]| convmont oy e, Al =
7] ANP versans 1 Gnly 1P compatle with chosen part | Consale 8
Proect P 25 el rjec e ey ey AT e 8 «
[T G N Version Las:Genersted | m%_:a, g i |
Q ou_mem. 32,2048 43 I B =
e Pl vkl g | SRR, — T |
| search Project 1P| [ oear nformegion | £ Warnings | @ Erors

Part xcSvik110+3H1136  Design Entry: Veriog )

e Chipscope
LA (logic analzer) is an important tool of FPGA, but traditional LA has

two disadvantages, which are expensive and need more pads. Thus the
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Xilinx provide a tool called ” ChipScope Pro”. ChipScope Pro is cheap and

can be opearated easily.

e Setting macro search path

If we use CORE generator to generate memory, mutiplier or else module,

we have to set macro search path.

In the Processes Pane — Implement Design, right Click — Process Properties.

D2EGl [ AD

Eh

s B |Be |57 fin i [F)

Set macro search path that choose the path in which our CORE generator
file and then click OK.
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Walue ’

[«
e 20120228 testverilog_syrorc fit )

- Bost-Wap Stafic Timing Report P
|- Bost-Place & Route Static Timing |9
Simulation Madel Broperties

i

{

i.
HOGLET

i

=]

k|| Cawa || smby || B

File, and then

51



Embedded Processor

VHOL Test Bench

Eﬁm

Logation:

d ; mmmmwﬁmjm sl

The constrain file isa4
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e Edit constraint file

Setting clock period and location. (Refer to Xilinx tutorial ug347)

Table 1-4: Oscillator Socket Connections
X USIRCIK AR 100 M sigle-endied
US| CLKOMHEFPGA | AHI7 33 MHzsingleended
US CLKIUMEZITGA | AGIS  27MHesimgleendal
us CLKITGAY L1 200 M differemtial i (pos)
US CLKFPGAN | K19 200 MHz differential pair (neg)

& elp
BE =0z su[r L)V

# Clock

WET "fpga_c1k100" TOC = AH1S | ICSTANDARD = LVCMOS33:

NET %fpgs c1e100" TNM NET = "fpgs =le100%;
TIMESPEC *TS_fpga cik100" ‘= PERIOD "fpgs ciki00" 10,000 ‘na. HIGH 50,00%;

Er
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Setting DIP switch location. (Refer to Xilinx tutorial ug347)

uw Help
BE =r0c #R Pl ©

Tabie 1-5: DIP Switch Connections {SW8)
swa FPGA Pin

GPIO_DIP_SW1 Uzs
GPIO_DIP_SW2 AG27
GPIO_DIP_SW3 AR
GPIO_DIP_SW+ AF2%6
GFIO_DIP SW5 Akz7
AE26

AC25

AC2

GPIO_DIP_SW6
CPIO_DIP_SW7
GPIO_DIP_SW8

A4 WET "modelZ]" LOC'=

o

# Clock

WET “fpgs c1E100" LOC = AH1S. | ICOSTANDARD = LVCMOS33:
WET “Fpga_c1k100" TNM NET = "fpge c1k100%;

TFIMESPEC “T5 fpos ciki00% = PERIOD “fpos clei00* 10,000 ‘hs HIGH SO,00%;

# GPIG IC.

NET "fpgs_sya_rsta® LOC = BCRE
NET "mode[o]® LOC = 125
NET “mode(lj” EOC = 3

MET fmode[3]7 EOC = AF28:
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Setting LED location. (Refer to Xilinx tutorial ug347)

Table 1-6: User and Error LED Connections

D20 LED Nerth Creen A3 Ve
DS2 LEDEast Greon. ac Vs
(892 LEDSouth Green. G Yo
D523 LED West Green. AF3 Yes
524 LED Ceriter Green E8 Yes
DSI7  GPIOLEDO Green His s
Dsis GPIO LED 1 Green L es
SIS GRIOLEDY Gireen. Gis e
0S4 GPIOLEDS Green: AD26 No
D513 GPIOLEDA Gineen Gl Yes
Ds12 GPIOLED & Green ADZS Nex
DS GPIOLED& Green A No
DSI0 GRIOLEDT Green: AE2 Ner

Ds6 Error Red oo No

DS Erord Resd ™ Nor

o e
B =Eo= »se[relf ¥

a0

21 NET

e

© NET

# Cleck

WET "fpga_c1k100" LOC = AE1S
NET “fpgs_cikl00" TNM NET
TIMFSPEC *TS fpoa cTkI0gde

Laadadisdsddd it i ids/
¢ GPID IO

sesperssesssiaiis
NET
NET

| NET

WET
NET

wNET
NET
NET

WET
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Setting press location for reprogramming FPGA. (Refer to Xilinx tutorial
ug347)

Table 1-8: CPU Reset Connections.
Reference ;

" Pin
Designator FPER
w7 CPU RESET E
@ Help [=lslx
BE =Tz 0 pL] 9
i
2 ¥ Clock
5
4 NET “fpga clki00" LOC = AN1S5 | IOSIANDARD = LVCMGS33:
§ NET “Fpgs cIk100" TMM NET = "fpge c1k100%7
% TIMESPEC “TS_fpgs c1e100% = PERIOD “fpoe clei00* 10,000 hs HIGH 50,00%)
N
Ll
% # GPIC IO
10

11 NEI “fpgs_sya rsto® LOC = RG24
42 NET "mode[0]" LOC = U257
15 NEI "mode[1j” LOC‘s RE27
14 NET “mode[Z]" LOC = AF25;
1§ NET “mode[3]" LOC = RF2EZ

A7 NET tisdie t 1O LD 3
AF MET "ledz®
48 WET "leds”
sds
21 NET "leds™
"lsdgn

24 FERREEREEEREEEREEEEEELY
25 # Reset

28 bEsbrisbiisiiiiissd
MET "fpgs_rsc" LO

p_me fe B V)
[#) u_pll_dlk- pil_clke (. \src_rthpll_clkv)

[ top_module - fit top (.\sre_Hfits0p )
ucon - icon (\chipscope\jcon.xco)
u_ila- ila [\chioseopetilaxco)

&[] #module -t (\ere_ i)
& [¥) input_gen - random_gen e it

€ Mo Processes Runsing

Processes top_module

H)8AA Y| alenhEs
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4.3 Xilinx iMPACT
[9]

IMPACT is a file generation and device programming tool. iMPACT enables you
to program through several parallel cables, including the Platform Cable USB.
iMPACT can create bitstream files, System ACE solution files, PROM files, and
SVF/XSVF files.

e Platform cable USB-II
The Platform Cable connects to the USB port of your computer and can be
used to facilitate Boundary-Scan functionality. For more information, see

the Platformm Cable USB-II Data Sheet available from the Xilinx website.

e Generating the configuration files
BIT file: A binary file that-contains proprietary header information as well
as configuration.data.( We choose BIT file to do our verifycation. )
MCS file: An_ASCII file that contains PROM configuration information.

We choose BIT file in our simulation.
o Generate .bit file

In the Processes Pane — Implement, Design-— Generate Programming File,

right-click — Run
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£ Fi . P (e Wi, i
DPEF it EX w80

i
&
i
o

M Simolation

B €1 xe5vixl10:3F1136 =
[ Awomatic includes
&[4k top_madule (\sre_rihop ioduley) J
uphl_dlk- pll_ck Cisre_cifal_ciy) 7
&[] 1op_module - fit_top (\sre 2\
# [¥] input_gen - random_gen (\src Heyrandom_ge...
Asre_rtheni50x fogauct
€2 FoPiotessss Runsing.

Processes: top_module
W Design Lrilities

A

|Z|%ES|O0|s

HISIEEY 6 5|0
&

1%

116KB
47%8
- 150KB
MY EFL. NCDRE 3051KE
20123/25 E¥1L. NCDER 3051KB ~
4T i "

top modulebit [FEEE. 2012325 L1258 EDEE 002 e 1258
MATHE 2 3.T70MB
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e Download .bit file

In the Processes Pane — Manage Configuration Project, right-click — Run
(Open iMPACT software )

L Fle Edit View same_ 'l’!tm- . Window Wﬂ!‘ H.
Dl snoxleel s 2oprralF =a!

Design o g | B Dein ey
[ Ve o {5 Igleennion | M Somlston = [8) Summery
o 8| -Epm
| 8 eiter © TimingCo
— | & O xiddioniiLe (%]

dh| @ 01 Awomatic Tncludes m

E i [l topmodute (\sic_rthtop modules) ==

P ol

€3 Wobrurss Funning Ll

L, | Processes: top_medule

g = EE) Implement Design

£

i}

In the ISE iMP#

rrACE
Create PROM File (PROM File For...
ViebTak Data

Console.
Welcome to iMPACT
AMPACT Version: 12.4

Froject: C:\Xilinx\12.4\ISE_DS\\auto_project.ipf crested.

R PR o

b | © Boon [ 4 Wi
R e
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Select Configure devices using Boundary-Scan (JTAG), click OK.
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Select Device: xchvlx110t, right-click — Assign New Configuration File.

% R Ech View Operaions. Ouiput Dobug Window Heb el
DAd[xcaxsusx[20se

28 Boundary Scan
SystemACE
Create PROM File (PROM File For...

\iebTak Data

(ot
R w SetErmse Properties..
Aveilable Operations sre-

= Erase

[Consle

e08x
EROGRESS END - Ena Operstion.

[ oo 18500 v

Select .bit File, ¢ en

k| & Az
& EEERE
& sEEuE
m 0 mERR |
20127325 £ 1. EEELT
5
¢ -
‘
=
=
-l
o e y : !
— 1
Click No.
15 Attach SPLorBPIPROM

This device supports attached Flash PROMSs.
Do you want to attach an SP1 or BPI PROM to this device?
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Select Device: xchvlx110t, right-click — Program.

[=1=]x]
D3R xBax
T Flows
Boundary Scan o)
SystemACE
E Create PROM File (PROM File For...
WebTalk Data
xefizp xess 1A xczace. 5 Ger Device Signature/Ussrcocle
. ‘bypass bypass bypass. bypass. top_modu. One Step SVF
One Step XSVF
- - Add SPY/BPI Flash. ..
[MPACT Piocesss o Assign New Configuration File.
Available Operations are: Set Programming Properties.
‘Set Erase Properties...
Launch File Assignment Wizard
i
% Bouday Sosa
[ Consele. sO8x
) INFO:iMPACT:501 - *S': Added Device xcSvix110t successfully. i
S1:16 2012
50:48 2012
soize 2012
s0i07 2012
a5:27 2012
=
3
It will choose De nd N
TTPRGN.
2{PROM2.
3 CPLD xe35144d )
4 {ACECFxecace)
-
® @

A
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The GUI shows Program Succeeded.

W Ele Edit Wiew Opersfions Ouiput Debug Wi

e
PR xobxezaxis=nre

# ‘gal Boundary Scan

SysemACE
| [5) Creatz PROM File (PROM File For...
& [2] ViebTalk Data

MPACT Processes. eO8x

La=E-53
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4.4 Verification using ChipScope Pro

e Running ChipScope Pro

In the Processes Pane - Analyze Design Using ChipScope, right-click — Run
( Open ChipScope )

BeEH@|
Vior: o {§} Inglemenition i Stunlaion =
Hiererchy o
H piitop e
(%]
@

&

SE x|

B £ xcSulx110e-3f1136
[ Automatic includes
w [Bh top.module (s rthtop maduley)

) o Baoceses Ranning.

HEAS Y bk BRE

Analyzer Varsion 1240010.335.1183)
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We can see Project, Signals, Trigger Setup, Waveform view.

o TigoerSenp Wepsrorm  Aindow . Lk
L‘z_ﬁp AR

AD (1LA)

- oEv AGE_GF) T
Funciion 1 Value Radix
DEV:4 MyDeviced (LCHVLXT10TY
x s,:;,, s il | = X0 IO XK XXX KRN K KIRK R 006X 000K | Bin [
§ UNIT-0 MALAD (ILA)
Trigger Satup Aclive I 29 | Trigger Condiion Equation
¥aveform] ® | TriggerConaiond | [
Wavetorm]
‘Sigals: DEV: 4 UNIT; 0 Windows: 1 Depth; 15384 - Position: | 9)
©- Data Port
o TriggerPorts Albag
TataPort (0] 0] 0
Datalart{L] o 0
TatsPort(2] o o
Tatabart(3] o o
Tatatort|4] o o
[« IDEIDETD ]
X o] 0 aaly] s0eD ]

i ]
INFO: [&
s oo ﬁ
INFO: Found 1 Core Unitin the JTAG tevice Chain. |

'DEV:2 WDevice3 (Syst = ch [
¢ DEV:4 MyDevced (ROSVLXTIOT)
System Monkor Console
9 UNITO MALAD L&)
Trige

‘CH: 3 TriggarPorto)
CH: & TriggerPortofé]
CH 5 TriggaPonD[s]
CH: 6 TriggerPortols)
GH.7 TriggerPortof]
CH 8 TriggerPortolg)
CH 8 TriggerPord[e}
GH: 10 TriggerPor0[10]
CH. 1 TriggerPorm[11}
CH 12 TriggerPord[12]
CH: 13 TriggerPorto[13}
CH. 14 TriggerPora[14]
CH. 15 TriggerPor0[15;
CH 16 TriggerPorto[ 16
CH. 17 TriggerPorla[ 7]
CH 1R TrinaerPar 181

INFO - Device & Unit0: Samle Bufferis full
INFO - Device 4 Uit 0: Wavetorm caplured 20121325 T4 12:20:23
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After editing our signal, we can get internal FPGA signal.

Fle New JTAGChain Devies IrggerSetup Waveform EusFlol Window Help
<2 | oo BR[| m T (S €982 LM I
Project: te_fft ] }: {81 Waveform - DEV:4 MyDeviced (XCSVLR110T) UNIT:0 MyILAD {iLA} 7 B
B I - « | o |8 1280 2560 3340 5120 6400 7680 806010240 12800 .
- UNITOIRLAO OLY cgca) W T T T e S Vi e N S TR G e
Trigger Setug ottt im_im 28| o i ] I L &
Listing - Htin e o 0 b 0 T —
8 0 g I 0 )
4l o 1 b ] )
-s0| -0
122|251
1| o
o Trigger Ports
-
Pi] DD DT — ¥
Viayefor captured 2012/3/25 FF 124321 2 sy 0 olafp] apeoy: 1 i
2 - - — e
s -l
COMMAND: run 40 =1
CORMMAND: upload 4 0 |
INFO -Devics 4 Unit 0: Sample Buter (s ful
IHFO - Divics 4 Unit 0 Waveform captured 2012125 T 124225
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Chapter 5

Conclusions

In this thesis, we proposed the variable FFET for uplink of LTE application. In
chapter 2 we discuss the several FFT architectures which can be applied with
various FF'T size and present subcarrier.mapping. In chapter3 we use ripple-like
ON/OFF stage control and early access of reordering to implement our timing
plan design. In chapter 4 we diseuss-how to build the System platform in MAT-
LAB and verilog andsFPGA implement flow. Finally, we use FPGA to verify our

design.
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