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Abstract

This thesis is a study of a efficient ASIC implementation of a WCDMA Rake
Receiver. The focus has been on doing a implementation with small memory
footprint and low power consumption.

The Post Buffering WCDMA Rake Receiver implemented as part of this thesis
has been written i VHDL and simulated and verified together with a Matlab
model of a WCDMA Rake Receiver. The area (gate count) and power
consumption have been estimated with synthesis and power estimation tools
from Synopsys.

By moving the time alignment of the “fingers” (multipath components) from the
beginning of a Rake Receiver to the end, we have shown that not only will we
save area, but also reduce the power consumption. And by using technics like
clock gating, the power consumption and area was reduced even more.
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1 Introduction

1.1 Background

More and more information is made available online to the mobile user through
services as WAP, I-Mode etc. So far these services use very limited data rates,
but with future developments we will see more demanding services like real
time video and advanced online services. This will require much higher data
rates than are available with today’s mobile communication standards like
GSM!, cdmaOne (1S95) PDC etc. Those standards belong to the second
generation of mobile communication standards (the first generation was the
analog cell phones).

The third generation mobile systems (known as 3G or UMTS (Universal Mobile
Telecommunication Standard)) are designed for multimedia communications.
With them person-to-person communication can be enhanced with high quality
images and video, and access to information and services on public and private
networks will be enhanced by the higher data rates and new flexible
communication capabilities of the third generation systems [3].

In the standardization forums, WCDMA technology has emerged as the most
widely adopted third generation air interface. Its specifications have been
created in 3GPP (the"8Generation Partnership Project), which is the joint
standardization project of the standardization bodies from Europe, Japan,
Korea, USA and China.

Wideband CDMA (WCDMA) standard is designed to support variable data rate
up to 2Mbits/s to the end user. This puts new demands on the signal processing
of the receiver/transmitter in the mobile terminal as we will show in this thesis.

One of the more signal processing intensive parts is the receiver. To be able to
get as much information through the air with as little transmit power (and
thereby interference) as possible the terminal tries to gather as much
informations from the channel (air) as it can. One effective type of receiver is
the Raké receiver that combines different received echoes of the sent signal to
get a stronger reception.

1.2 Purpose of the master thesis

The main purpose of this master thesis was to examine the power consumption
and area of an ASIC implementation of a Post Buffering Rake Receiver, as well

1. TDMA based standard. Used on more than 170 countries. 600 million subscribers.
2. CDMA based standard. Used mostly in America. 65 million subscribers.

3. TDMA based standard. Used in Japan. 55 million subscribers.

4. See section 3.0.1 for a explanation of the name.
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as to suggest some future improvements to reduce power/area even more.

The master thesis will also investigate some of the benefits of using power-
optimization tools when doing synthesis.

This investigation is preformed by implementing an almost complete Rake
receiver in VHDL.

1.3 Previous work

A group at Tampere University of Technology in Finland has published a paper
called “Flexible Rake Receiver Architecture for WCDMA Mobile
Terminals”’[1] where they present a compact Rake receiver. We will use
implementation based on this paper to evaluate the performance of a “Post
Buffering Rake Receiver”.

1.4 Organization of the thesis

Chapter 1 gives a brief description of the 3G mobile communication standard,
how it differs from 2G, and what benefits it will bring. Chapter 2 gives more
detailed information about CDMA and WCDMA. Chapter 3 describes different
Rake receivers used in CDMA systems, it also describes the “Post Buffering
Rake Receiver” that has been implemented for this thesis. Chapter 4 makes a in-
depth look at power consumption in a CMOS-ASIC, and what can be done to
reduce the power consumption (both manually in the RTL-code, and by the
synthesis tools). Chapter 5 presents the results from synthesis and power
estimation of the “Post Buffering Rake Receiver” under different conditions and
with different optimizations. Chapter 6 draws some conclusions from the result
from chapter 4 and 5. Chapter 7 presents some improvement that can be made
on the design. Chapter 8 lists the used references. Finally Chapter 9 shows one
example of how to manually use gated clock.



2 WCDMA

2.1 CDMA basics

Code Division Multiple Access (CDMA) is the technology chosen for the third
generation mobile communication standard (3G). CDMA is a wireless
communication technology which is based on the principle of Spread Spectrum.
All users in a CDMA system uses the same carrier frequency and transmit
simultaneously. To be able to distinguish between different users, CDMA uses
code sequences that are unique for every channel/user.

2.1.1 Spread spectrum

In a “normal” wireless data transmission system the used bandwidth more or
less equals the user data rate. In wireless data transmission systems based on
Spread Spectrum, the used bandwidth is much higher than the data rate. The
result of this is that the transmitted power is spread over a wide frequency band.

Common methods to achieve Spread Spectrum is:

* DS - Direct Sequence (used in WCDMA)
* FH - Frequency Hopping

2.2 WCDMA

WCDMA is a wideband Direct Sequence Code Division Multiple Access (DS-
CDMA) system, which means that the user information bits (symbols) are
spread over a wide frequency bandwidth (figure 2.3) by multiplying the user
data bits with a spreading code sequence of “chips” (figure 2.11). To be able to
support different bit rates as high as 2Mbps, the use of variable spreading factor
and multicode connections is supported.

There are two basic modes of operation in WCDMA Frequency Division
Duplex (FDD) and Time Division Duplex (TDD). In the FDD mode, separate
carrier frequencies are used for the downlink and uplink, in TDD only one
carrier is used and it is time-shared between the downlink and uplink. TDD
mode requires more synchronization between the different mobile terminals and
the base stations.

WCDMA uses a large bandwidth (5 MHz) for each channel carrier. WCDMA is
designed to be operational in conjunction with GSM. Therefore, handover
between GSM and WCDMA systems is supported in order to be able to
leverage the GSM coverage for the introduction of WCDMA.

WCDMA permits continuous transmission from many users to the same base
station on the same carrier frequency at the same time. The transmission from
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the base station to all the users in one cell are on an other carrier frequency.
WCDMA quite resistant against interference and frequency selective fading.

Figure 2.1 shows in cas&) how different narrowband signals get annotated
differently depending on the channel quality at their specific carrier frequency
affecting systems like GSM and other narrowband systems. Inb)dkere are

only a few wideband signals which are much less affected by local frequency
fading.

Channel Channel
Quality Quality

Vot

frequency frequency

a) b)
Figure 2.1 Channel fading

amplitude
amplitude

Figure 2.2 shows a very simplified DS-CDMA transmitter and receiver.

Figure 2.2 Simplified DS-CDMA transmitter and receiver

When the low data rate signal is spread by the scrambling codes the signal
occupies a wider frequency spectrum, but at a lower amplitude (figure 2.3)

Narrowband signal Wideband signal
(spreader)
amplitude A amplitude

» —— |

frequency

frequency

Figure 2.3 Signal spreading



2.2.1 Multipath

The radio signal propagation through the air (“channel”) is influenced by many
factors, among them are reflections, diffraction and attenuation of the signal
energy. These are caused by natural obstacles such as buildings, mountains etc.
The reflections of the signal results in so-called multipath propagation (see
figure 2.4).

Multipath propagation is when the signal from one transmitter takes different
ways to get to the receiver. The receiver sees this as “echoes” with different
arrival time and amplitude. In CDMA systems the energy from these multipath
signals are combined to get a better Signal to Noise Ration (SNR). The
reception and combination is done in a Rake receiver and Maximum Ratio
Combiner.

Base Station

Mobile Station

Figure 2.4 Multipath propagating

Figure 2.5 shows the received multipath signals plotted with their delays on the
x-axis and their amplitude on the y-axis. The multipath signals are sometimes
called “fingers”.

amplitude
“fingers” (echoes)
pT bz p3 1

Figure 2.5 Time dispersion

2.2.2 Channel Estimation
The Channel Estimator keeps track of the phase changes of the different active



multipath by despreading the CPICH channel.

»
»

v

Figure 2.6 Symbol sent by the Base Station

Figure 2.7 shows how the transmitted symbol in figure 2.6 may result in three
received multipaths that has been phase shifted and reduced.

Q Q Q
A A A
pl p2
' '
p3
path 1 path 2 path 3

Figure 2.7 The three received multipath (“fingers”) symbols

If these three multipaths are combined non coherent, the resulting symbol
would look like figure 2.8.

»
»

p2

p34 o

v

Figure 2.8 Non coherent summation symbols

By calculating phase compensations for each multipath, they can be phase
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aligned (figure 2.9) and coherently accumulated (figure 2.10)

»
»
»
»
»
»

v
v
v

path 1 path 2 path 3

Figure 2.9 Phase rotated symbols

2.2.3 Maximum Ratio Combining

The Maximum Ratio Combiner (MRC) combines the phase rotated symbols
into one stronger symbol (see figure 2.10)

N-1
S(9 = > Dylt) TE(K) (Eq. 2.1)
k=0

»
»

Figure 2.10 Coherent summation of three channel compensated multipath symbols

2.2.4 Symbol Spreading and Despreading

The spreading of the “raw” user data is done by multiplying the user data with
the spreading code (figure 2.11), the resulting signal is a bitstream with a much
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higher data rate (depending on the current spreading factor)

Symbol +1

A
A 4

Raw data

S

Spreading code
Transmitted signal

Figure 2.11 Spreading (SF=8)

+1

+1

e

At the receiver the spread signal is once again multiplied by the spreading code.
The resulting chips are then accumulated over SF (spreading factor) number of
chips to form a symbol. Only the correct spreading code will result in “strong”
symbols (see figure 2.12).

Own signal

LI ULy
oespeaanacoss || [ [ [T TS
H—._,_l_l_l_J {—-—'—'_'_'_'_T

Data after
despreading

Data after
integration

Other signal

Other data after
despreading

Other data after
integration

Figure 2.12 Detecting own signal (SF = 8)

2.3 Scrambling codes

For the downlink a total of B-1 = 262,143 scrambling codes, numbered
0...262,142 can be generated. However not all these codes are used. The
scrambling codes are divided into 512 sets each of a primary scrambling code
and 15 secondary scrambling codes.

Each cell is allocated one and only one primary scrambling code. The different
users in the same cell are separated by different Channelization codes.
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The scrambling code sequences are constructed by combining two real
sequences into a complex sequence. Each of the two real sequences are
constructed as the position wise modulo 2 sum of 38400 chip segments of two
binarym-sequences generated by means of two generator polynomials of degree
18. The resulting sequences thus constitute segments of a set of Gold sequences
(see [4]). The scrambling codes are repeated for every 10 ms radio frame. Let X
and y be the two sequences respectively. The x sequence is constructed using
the promotive polynomial+X’+X'8 The y sequence is constructed using the
polynomial1+Y°+Y7+Y10+y18,

The sequence, depending on the chosen scrambling code nanbeienoted
zZ,, in the sequel. Furthermore, Iefi), y(i) andz,(i) denote thd:th symbol of
the sequence y andz, respectively.

Them-sequences andy are constructed as:
Initial conditions:
x is constructed with x(0) = 1, x(1) = x(2) =... = x(16) = x(17) = 0.
y(0) =y(1) =... = y(16) = y(17) = 1.
Recursive definitions of subsequent symbols:
x(i+18) = x(i+7) + x(i) modulo 2, i = 0,...,8-20. (Eq. 2.2)
y(i+18) = y(i+10) + y(i+7) + y(i+5) + y(i) modulo 2, i= 0,..1220. (&q. 23
The n:th code sequenzg n =0, 1, 2,..., 22, is then defined as:

z(i) = x((i+n) modulo (28-1)) + y(i) modulo 2,i=0,...,%-2.  (eq.24)

These binary sequences are converted to real valued sequepnd®s the
following transformation:

gl ifz(i) =0 .
z (i) = O o for i =0,1..K,2¥-2  (eq.25)
1 ifz, (i) =

Finally, the n:th complex scrambling code sequelggis defined as:
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Sain() = Zy(i) +j Z,((i+131072) modulo *£-1)),i=0, 1,..., 38399. q. 2.6)
Note that the pattern from phase 0 up to the phase of 38399 is repeated.

Figure 2.13 Downlink scrambling code generator

2.4 Channelization codes

The channelization codes used both uplink and downlink is Orthogonal Variable

Spreading Factor (OVSF) codes that preserve the orthogonality between
downlink channels of different rates and spreading codes. The OVSF codes can
be defined using the code tree of figure 2.14.

Cch,4,0:(1' 1,11 [T

Cehoc(r,1) | bl
Cch,4,1:(1'1,'1"1) ------

Cch,l,o:(l) ......
Cehar=(1,-1,1,-1) [777777

Cehpo=(4-1) .o
Cenas(1,-1,-1,1) [T

SF=1 SF=2 SF=4 7

Figure 2.14 Code-tree for generation of OVSF codes

In figure 2.14, the channelization codes are uniquely described QgrG
where SF is the spreading factor of the code &nd& the code number,
O0<k< SF-1.

A spreading factor of SF results in a raw data rate of RzfSF, where Ry, is
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the used chip rate (3.84Mchip/s in WCDMA-FDD) and SF has the range
4< 2" < 256. This results in a data rate from 15k symbols/s (30 kbit/s) up to
960k (1.92Mbit/s) symbols/s for each physical channel.

Each level in the code tree defines channelization codes of length SF,
corresponding to a spreading factor of SF in figure 2.14.

The generated codes within the same layer (same SF) are orthogonal to each
other. Any two codes from different layers are also orthogonal except when one
of the codes is a parent code to the other (code higher up on the same branch in
the tree). For example & 4 3is not orthogonal to the codes;, ;and G, 1 o

so they could not be used at the same time by the same BS.

A recursive generation method for the channelization code is defined as the
following matrices relations:

Cch,l,O =1
Ceh2,0l = |Cenio Centol - {1 1}
Cch,z,l C(:h,l,O _Cch,l,O 1-1
Cch,z(””),o Cch,2",0 Cch,z”,o
Cch,z(”*”,l Cch,z”,o _Cch,Z“,O (Eq. 2.7)
Cch,z(””),z Cch,Z",l Cch,2”,1
Cch,z(””),s Cch,Z",l _Cch,2",1
Cch,2(“+1),2(”+1)—2 Cch,2",2”—1 Cch,2”,2”—1
_Cch,z(”*l),z(””’ -1 _Cch,2",2”—1 _Cch,Z",Z"—l_

The leftmost value in each channelization code word corresponds to the “chip”
transmitted first.

The channelization code for the primary CPICH is fixed g, 656 pand the
channelization code for the primary CCPCH is fixed tqn6s61 The
channelization codes for all other physical channels are assigned by the Radio
Access Network.

2.5 Rake Receiver

The Rake Receiver takes advantage of multipath propagation and combines
several received “echoes” of the same signal into a stronger signal.
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Each multipath component is called a “finger” (it sticks out). To be able to
combine several fingers, the Rake Receiver needs to know the relative delay and
amplitude for each finger. A Searcher is used to locate any strong present signal.
The finger is then locked on to by a Tracker, which tracks the small changes in
delay when the user is moving around.

The Rake Receiver combines multipath components with a separation in time of
more than one chip period (U With T, = 3.84Mchip/s signals that are
separated by more than 260ns (77.8m) can be combined. The maximum delay
between the first and last received finger from one symbol that the receiver
should be able to handle is 29647 7us or 23km).

Searcher| Tracker

v
(\A/\ ADC Rake Receiver Decoders—» 100101...

T

Channel
Estimator

Figure 2.15 Downlink receiver overview

2.6 Power control

One of the most important issues that had to be addressed in WCDMA is power

control. Since all mobile terminals send on the same frequency they are literally

“speaking” at the same time which means that the base station would “hear” the

mobile terminals that are closest to it much louder than the terminals that are far

away. To give the mobile terminals that are far away a chance, the ones that are
close to the base station should send with a lower power.

The solution to power control in WCDMA is a fast closed-loop power control.
The base station performs frequent estimates of the received Signal to
Interference Ratio (SIR) from each mobile terminal. If the measured SIR is
higher than the target SIR, the base station commands the mobile terminal to
lower the transmission power. If on the other hand SIR is lower than the target
SIR, the base station commands the mobile terminal to increase its transmission
power. This loop is preformed at a rate of 1500 times per second for each
mobile terminal.
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This power control adapts the transmission power of mobiles to the current
channel properties (fading and interference situation).

2.7 Soft and Softer Handovers

When a mobile terminal is in a place where there is overlapping cell coverage of
two adjacent sectors of one base station (see (a) in figure 2.16), communication
between the mobile terminal and the base station takes place concurrently via
two air interface channels, one for each sector. This is called Softer Handover.
This requires that the two sectors use separate codes so that the mobile terminal
can distinguish between the signals. The two signals are received by the mobile
terminal and are combined much the same as multipath signals, except that the
Rake receiver needs to generate separate codes for the two signals.

With Softer Handover in the uplink, the base station combines the received
signals from two or more sectors into the same Rake receiver where it is
combined into one signal. During Softer Handover only one power control loop
per connection is active.

In Soft Handover, the mobile terminal is in a place where there is overlapping
cell coverage from two different base stations (see (b) in figure 2.16),
communication between the mobile terminal and the base stations takes place
concurrently via two air interfaces from each base station separately. As in
Softer Handover, the mobile terminal receives the two signals much the same as
multipath signals.

In the uplink soft handover is significantly different from Softer Handover. The
signal received at each base station is routed to the Radio Network Controller
(RNC) for combining. In Soft Handover there is one power control loop for
each connection. It is estimated that 20-40% of the connections will be Soft
Handover. There will also be cases where both Soft and Softer Handover take
place in combination.

(a) Softer handover (b) Soft handover

Figure 2.16 Softer and Soft handover

17



2.8 Frames and slots

Each dedicated physical channel (DPCH) is divided in time into frames which
are then divided into fifteen slots (se figure 2.16). Each slot starts with a pilot
pattern followed by the Transmit Power Control (TPC) containing information
about how the MS shall adjust the transmitter output power, and Transport
Format Combination Indicator (TFCI) which informs the receiver about
parameters of the different transport channels multiplexed on the downlink
Dedicated Physical Data Channel (DPDCH).

<4—DPCCH—p 44— DPDCH——Pp

| Pilot | TPC | TFCI

Data |

-

-~

P

-

—

—

4=~ T,=0.667ms, 10*8bits (k = 0.6)————="p

| Slot #1| Slot #2| | Slot #i| | Slot #115
———= = Tirame=10ms —= »
| Frame #1| Frame #* Frame +f| | Frame #74
< Tsuper720ms »

Figure 2.17 Downlink Dedicated Physical Channel (DPCH)
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3 Rake receiver

3.0.1 “Rake™?

The Rake receiver got its name from its inventors R. Price and P. Green in 1958.
When a signal is received over a multi-path channel, the multi-path component
delays appear at the receiver as in figure 3.1. By attaching a “handle” to the plot,
a picture of an ordinary garden rake is created. It is from this figure the Rake
receiver got its name.

Multi-path returns

Figure 3.1 A rake

3.1 Conventional Rake receiver

In a conventional Rake receiver each multi-path component (“finger”) has a
dedicated Rake finger device consisting of scramble/channelization code
generator, correlator, integrator and FIFO (see figure 3.2). The separate code
generators are time-aligned with their respective multi-path component. The
more multi-path components that you want to be able to combine, the more
Rake finger receivers you need. The received symbols are stored in a FIFO to be
time-aligned before they are sent to the Maximum Ratio Combiner (MRC).
Each Rake finger device operates at chip-rate (3.84MHz in WCDMA).

I/Q Samples Integration Channel ]
Register Compensat® | FIFO] Symbols
MRC |——

Code
Generator?

Rake finger device Finger 1
| Finger 2
I Finger 3|

| Finger 4]

(*)Code phase depending on multi-path delay

Figure 3.2 Conventional Rake receiver

3.2 FlexRake receiver

L. Harju, M. Kuulusa and J. Nurmi has designed a “Flexible Rake Receiver
Architecture for WCDMA Mobile Terminals” called FlexRake[l]. The

FlexRake receiver is much more efficient than the standard Rake receiver
approach. The main optimization is that FlexRake uses one big circular sample
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buffer to store the incoming I/Q samples and only one correlator engine that
works time-multiplexed between the Rake-fingers that are active. This saves
very much hardware.

The FlexRake consists of a Sample Buffer and a Correlator Engine. The

correlator engine works time-multiplexed so that it correlates one sample (chip)

from each active finger in turn. This means that to be able to process up to eight
active fingers, the correlator needs to be eight times faster than the conventional
Rake receiver that has one correlator for each active finger. The correlator
engine consists of code generators (for both scrambling and channelization
code), complex multiplier, a number of integration registers (one for each active

finger) and a FIFO-buffer for the correlated symbols (see figure 3.3).

Circular Offset Sample
Address Address Buffer
Generator Generator
1/Q Samples
Sample Buffer

| Code
Generators

Integrations || > Symbol
Correlator Registers FIFO

Engine |

Symbols

Figure 3.3 Block diagram of FlexRake receiver

The correlator performs a complex multiplication of the 1/Q samples with the
combined scramble and channelization code. The result is accumulated with the
previous correlated sample and stored in the integration registers for that
particular finger. Then the next finger is processed. When one finger has been
integrated SF-times (where SF is the spreading factor) the resulting symbol is
stored in the symbol FIFO to later be combined with the corresponding symbol
from the other active fingers.

The sample buffer consists of a data buffer and two address generators. The data
stored in the buffer is the 1/Q samples coming in from the ADC (via a pulse
shaping filter). The sample buffer is implemented as a time-sliding window with
three parts (see figure 3.4): write window, pre-window and post-window. The
write window prevents the pre-window from being overwritten. The pre-
window makes it possible to catch a new multi-path finger that has much shorter
delay than the current active fingers. The post-window is big enough so that it
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can contain 1/Q samples for different fingers that have the longest supported
delay between them (in WCDMA this is|19).

Circular Offset* *) Del
Address Address () Delay
Generator Registers
Write l i
1/Q Samples
Sample buffer
) [ >
Write Pre Post
Win Win Window Read
1/Q Samples

Figure 3.4 Sample Buffer read and write accesses
3.3 Post Buffer Rake Receiver

3.3.1 Rake receiver

The Rake receiver that has been implemented as part of this master thesis takes
a different approach to the buffering problem. If the oversampling factor (OSF)

is eight (8) and the maximum deldy,,,,) between two fingers is 29¢Tthen

the VDB buffer used in the FlexRake Receiver needs to be
VDB;,,, = OSFL,,,, = 2368l/Q-samples deep. With a sample width of

2 [Bbits (1+Q), the total memory size is 28416 bits. The access rate to/from the
pre-VDB memory will be(OSF+ Nyjpgerd/ T = 61.4AMHZ , where figers

is the number of active fingers.

If we instead process each finger individually, and keep track of their respective
delay ), then we can do the time alignment at the very end instead. Since the
time alignments are then done on symbols instead of samples, the data rate to/
from the post-VDB is much lower (4 to 256 times lower depending on the
current spreading factor). The memory size used by the Post Buffer Rake
Receiver is T,/ SFyin 2 (Bymba|, 4, = 4736 bits (no data width
optimization has been done, see section 7.3 for possible future optimizations).
To be able to handle each finger individually in a time multiplexed manner, each
block needs to know each fingers respective détgy,e). Enclosed with each
Chip and Symbol is their delay valu€his eliminates the need for each block to
store the different delay values for each finger.

The Post Buffering Rake Receiver is designed to handle eight fingers with a
maximum delay of 296J and six different scrambling codes (to be able to
receive and combine information from six different base stations at once). It is
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also easy to include more than one dedicated physical channel by instantiating
more than one Despreader. In figure 3.5 the overall structure of the Post
Buffering Rake Receiver is shown.

Tracker

v

Channel
Estimator

vV v

A 4

\ 4 H
1/Q-samples i q q I 1/Q-symbols
> Afi:g;]rlwgr »| Descrambler ; Despreader E
 —
—>| PN-generator Data bus
Control bus

Figure 3.5 Rake receiver block diagram

3.3.2 Chip aligner

The 1/Q samples coming from the ADC and pulse shaping filter are
oversampled by a factor eight compared to the chip rate. This is so to make it
possible for the multi-path tracker to get high resolution of the finger detfqys (
Each finger has &register that stores the multi-path delay value received from
the Tracker. This register also stores information about whether the finger is
active or not. A comparator compares the three bit circular counter with the
three least significant bits of theregister, if equal the prompt and early/late I/
Q-sample is stored in the prompt respectively the early register, the late register
copies the old early register 1/Q-sample (see figure 3.6). The early, prompt and
late I/Q-sample are used by the Tracker (see section 3.3.3). The prompt I/Q-
sample is also used as the output 1/Q-chip used by the Descrambler.

T-reg
ol I
counter =

T

late

m U|

early/late my

prompt D |__prompt
E

clk

Figure 3.6 Chip aligner sub block

The Chip Aligner block consists of eight separate sub blocks, one for every
finger, that have the same inputs and have the outputs connected together via a

22



demultiplexer controlled by the counter. The early/late samples are taken
directly from the input 1/Q-samples, and the prompt samples are delayed for
four clock cycles via some shift registers. The Frame-sync is also delayed by
four cycles (see figure 3.7). The counter is synchronized to the Frame-sync.

Finger number_

Counter
L | Chip aligner sub blocks (x8)
counter 1 T
g D
early/late
I/Q Samples E v late » Late*

prompt
early

clk

L
prompt ; Prompt
! !
[— :L

— _Frame-sync

Early*

-

[[1

A4

Frame-sync

Clk

(*)see the Tracker

Figure 3.7 Chip aligner

3.3.3 Tracker

The Tracker constantly tracks the movement of the active fingers and adjusts the
multi-path delay valuest} accordingly so that the prompt-sample (chip sample)
follows the peek of the chip-pulse (see figure 3.8). The updated delay values are
sent to the Chip Aligner (see section 3.3.2). The Tracker has only been
implemented as a behavioral model for simulation purposes, and has hence not
been synthesized.

Principle of a Timing Error Detector
T T

/ On-time

1.2

Amplitude

i i i i i i i
=80 —60 —-40 —-20 o 20 40 60 80
Time [samples]

Figure 3.8 Early/Prompt/Late samples
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3.3.4 Channel Estimator

The Channel Estimator estimates the change of the channel. Both the phase
shift and the amplitude change that occur over time (see figure 3.1). This
information is used to calculate a channel compensation value for each active
multi-path component.

Im

).
o

g
\S

Figure 3.9 Channel phase and amplitude shift over time

The Channel Estimator has only been implemented as a behavioral model for
simulation purposes, and has hence not been synthesized. In section 2.2.2 the
need for the Channel Estimator is described.

3.3.5 PN generator

The downlink scrambling code (PN) generator block is implemented to generate
up to eight separately phase-shifted scrambling sequences by time multiplexing.
The X and Y register for each separate finger is stored in a register file, where
each position is initialized when frame sync for that specific finger occurs. The

X register file is initialized according to the scrambling code phase used by the
transmitting base station(s). The Y register file entry is initialized to all ones.

The main parts of the PN generator block are two shift registers and number of
XOR blocks (see section 2.3 for a detailed description of the code generation).
The resulting I/Q-code value is rotated 45 degrees to make the implementation
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of the Descrambler easier.

X-init

reg file X-register file

finger_tau
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—
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Y Q

"1 Y-register file

Figure 3.10 Time-multplexed PN-generator

3.3.6 Descrambler

The despreader correlates the incoming I/Q-chip with the scrambling code
coming from the PN-generator. Since the scrambling code has been rotated so
that S, 0 [(1,0), (=1,0), (0,1), (0—~1)] the despreader can be heavily optimized

to only handle multiplication with£1,0) an@0,+1) . This is easily done with
multiplexers and negators (see figure 3.11).

Truth table
Chipe S| a|b
@0 | o -

0] Chipgs re (-1,0) 1

a

0

— g 1
- -
_ 1 oL | -] o
w 0 oy -1

r 1
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0

1

C

0

1

i ==l

Figure 3.11 Descrambler

3.3.7 Despreader

The Despreader is a structural block that connects OVSF-generator, Symbol
Despreader, Channel Compensator, MRC and VDB-memory (see figure 3.12).

The input to the Despreader is the descrambled chip data (for each active
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finger), and the outputs are combined Symbols.

Channel estimate

v

1/1Q-chip Channel :
——»  symbol > Compensato) > Mg);trigﬁm I/Q-symbols>
»| Despreader| :
P > Combiner
| OvsF- VDB
”| generator (RAM)

Control path
Data path

Figure 3.12 Despreader

The Despreader block can be instantiated more than once to be able to handle
more than one dedicated physical channel.

3.3.8 OVSF generator

The recursive OVSF-generator described in section 2.4 can due to some
symmetries, easily be implemented with combinational logic based on (Eq.
3.1). All signals in figure 3.13 are one bit wide.

Seq, =n-T1¢
;
Cheode tn= 2% z Seq (i) Code (logy(SF) -1-i)-1
i=0

The synthesis tool can optimize this to less than 90 NAND2-equivalent gates.
This is much less than if one should use a software generated lookup table to
store the code sequence.

(Eq. 3.1)

SF Sequence number
[SrI5 S [S[ 2[5 %]
S > :C)t)
' d v v
& > )
HE & &
28— 5 *® 2O)
e EENE- 3 B
g[S » = %Y 2O)
Sl ® 3 X
cle > = X »
214 8 ) 4
8 (S > »X)
: ) 4
S > »X) t
— v Chy
N d N ode
& " P > >
(*)bit reversed

Figure 3.13 Combinational OVSF generator
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3.3.9 Symbol Despreader

The Symbol Despreader despreads the incoming 1/Q-chips at chip-rate to 1/Q-
symbols at symbol rate (chip rate/SF). The chip are first multiplied with the
channelization code (Ghy9, then accumulated over SF number of chips. The
partial accumulated symbols from each finger are stored in their respective
position in the Accumulation Register File until SF-number of chips from the
current finger have been accumulated, the symbol is then transferred to the
Symbol Register File. The Symbol register file acts as a Symbol alignment
buffer that sends out all completely accumulated symbols from the currently
active fingers in bursts, starting with finger 0. The outgoipg scaled down
according to the current channel spreading factor (SF).

Chcode
o
v 2L a
Chipy Ch code 5 3
_— 1 Q @
correlator @ o 2 J—__Symbot
= » O > »
1<) S —>]
8 £ — .
g 13 —_finger_active
7 >
finger_active [ Y 4 . 1
finger_nr | | 1 finger nr
—>
|
Enl  En2 — i
finger T > > finger T >
SE ¢ CTRL >
Frame sync

Figure 3.14 Symbol Despreader

The Symbol Despreader handles up to eight different fingers time-multiplexed
to reduce the hardware cost. The Channelization code correlator (complex
multiplier) is implemented with negators and multiplexers as shown in figure

3.15.

Truth table

Chipee Cheode a
5 (1,0) 0
(-1,0) 1

\= Of o \» ofw

Figure 3.15 Canalization code multiplier

3.3.10 Channel Compensator

The Channel Compensator multiplies the Channel Estimate calculated by the
Channel Estimator (see section 3.3.4) with the accumulated symbols. The
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Channel Compensator has only been implemented as a behavioral model for
simulation purposes. A possible optimized implementation of the Channel
Compensator is described in section 7.1.

I-symbol
O-symbol > I-symbol
10X
I-chest* >
Q-chest* . X Qoymog
(X

(*)Channel Estimate

Figure 3.16 Complex multiplier

3.3.11 MRC

The Maximum Ratio Combiner (MRC) block combines the symbol from each
active finger into a single stronger symbol (see figure 2.10). Since the fingers
may be separated in time with up 96T, = 77uS  we need to buffer the
partial accumulated symbol until all active finger have arrived. The maximum
delay between the same symbol from different fingers s
Tsymbol = 296N i/ SFyin = 292uS this results in the maximum number

of delayed symbols being 74 (for SF = 4). The MRC block stores the partial
accumulated symbols in a Variable Delay Buffer (VDB), which is implemented
in a similar way to the VDB in the FlexRake (see figure 3.17).

Circular

Address | Symbol delay value
Generator

Symbol buffer

Write 7J|_> Read
1/Q Symbo 1/Q Symbol

Figure 3.17 VDB read/write address generator

When the MRC receives a symbol, it first reads the partially accumulated value

from memory, it then accumulates the received symbol with the stored value,

and then stores the new accumulated sum at the same memory position. If the
received symbol was from the last of the active fingers, the accumulated value is
sent to the next block, and the memory position is cleared. The read and write

address is generated by subtracting the delay valyg§q 9 from a circular
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generated address counter.
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Figure 3.18 MRC
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4 Power consumption and optimization

4.1 Power estimation

The total power consumption of a CMOS integrated circuit is the sum of static
and dynamic power dissipation. The data books for a specific technology library
often list both static and dynamic dissipation for each cell.

This section describes static and dynamic power dissipation, and the method to
factor in the fanout load capacitance and switching frequency when calculating
consumption for a cell (see [5] for more information).

4.1.1 Static Power Dissipation

For most circuits, the main part of static power dissipation is represented by
power leakage, which is independent of the switching frequency of the cell.
Static power is dissipated in several ways. The largest percentage of static
power result from source-to-drain subthreshold leakage, which is caused by
reduced threshold voltages that prevent the gate from completely turning off.
Static power is also dissipated when current leaks between the diffusion layers
and the substrate. For this reason, static power is often called leakage power.
The total static energy for a block of logic is the sum of the static power of each
library element used in that block.

Leakage or static power typically represents 5-10% of total power dissipation in
a CMOS gate depending on the manufacturing process and threshold voltage.

4.1.2 Dynamic Power Dissipation

Dynamic power consumption is due to the switching activity of the logic cell.
When one or more of the circuits input changes it’s logic value, the cell will
consume dynamic power even if the input does not result in a logic transition on
the output. For current CMOS technologies, dynamic power dissipation
represents the majority of the power consumption.

There are two major sources to dynamic power dissipation:

* Switching power
* Internal power

The switching power of a cell is the power dissipated by the charging and

discharging of the load capacitance connected to the output of the cell. The total
load capacitance at the output of a driving cell is the sum of the net and gate
capacitances on the driving output. Since charging and discharging only occurs
when the output of the cell changes logic state, the total switching power of the
cell increases when the transition frequency increases. Switching power is the
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main source of power dissipation of an active CMOS cell.

Internal power is any power dissipated inside the cell. During switching, a
circuit dissipates internal power by the charging or discharging of capacitances
internal to the cell. Internal power also includes power dissipated by a
momentary short circuit between the P and N transistors of a gate when the
input voltage is in the range where both transistors will conduct. This is usually
called the short-circuit power. Short-circuit power can be as much as 30% of the

total power dissipated by the cell.

Rising signal Falling signal
atIN VDD at OUT

N '“l ‘Nv out

\oltage
\oltage

I Leakage current

lgw Switching current E\l |
lsc Short-circuit current lk

——Cload

GND

Figure 4.1 Power dissipation in a simple CMOS inverter cell

4.1.3 Calculating Power Dissipation
To be able to make a reasonably accurate estimation of the power consumption

for a cell, one needs to know the following factors:
* The static power dissipation
» The energy consumption for the rising and falling transitions

* The energy consumption when charging and discharging the fanout load
(if the transition causes a change on the output)

* The switching frequency

To compute the power dissipated by a given library element at a given
frequency, the following formula applies [6]:

2
PdiSS = (Erise+ E]‘aII + (CfanoutD‘/ )) D:SWitChing+ Pstatic (Eq. 4.1)
Where:
Pgiss total power dissipation of the gaieW).
Erise energy for a rising transition ('0’->'1’) on the output (pJ).
Efall energy for a falling transition ('1’->’0") on the output (pJ).
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Cranout output load capacitance, the number of loads (external inputs
connected to the output of the cell) multiplied by the value for
a standard load. (pF)

Vv supply voltage.

Fswitching ~ switching frequency of the transition (MHz).

Pstatic static power dissipation of the library cqi\W).

The product(CfanoutD\/Z) should only be included if the transition causes a
change on the output.

Example:

Power dissipation of a simple 2-input NAND gate (UMC Quiv3 standard cell
library [6]) with four output loads based on the following data:

Eise=0.005pd, E,;;=0.001pJd, B4i=0.004W, one output load=0.002pF,
V=1.2V and Byjitching=30MHz.

P,ics = (0.005+ 0.00% ( 41 0.002 1°9) [B0+ 0.003
This givesPgiss= 0.534W.

4.1.4 More accurate power estimation

To calculate the power dissipation of a more complex block than in the previous
example, one needs to know the switching frequency of each single cell. The
switching frequency of the input for a specific cell depends on the switching
frequency of the output of other connected cells, their inputs and the input to the
whole logic block.

By doing simulations with the RTL code, the simulator can gather information
about switching of the input and output of the whole block. This switching
information can then be used to estimate the average power dissipation of the
specific block with that particular input data. The switching information is
stored in a SAIF-file (Switching Activity Interchange Format) which the power
estimation and synthesis tools can use to estimate and optimize for power.

4.2 Switching activity

To be able to do a rough power estimation of the RTL design, one first generates
a forward-annotation SAIF-file that contains information about what signals the
simulator should keep track of. The simulator generates a Back-annotation
SAIF-file with all the necessary information about the switching of the inputs
and outputs of the RTL design based on the input stimuli used in the simulation.

The synthesis tool then uses the information from the back-annotation SAIF-file
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to calculate the power dissipation of that specific RTL design under the
condition given by the SAIF-file.

To get a more accurate estimation of the power dissipation, one should simulate
the design at gate-level (from a HDL-netlist generated by the synthesis tool).
This will result in a back-annotation SAIF-file with much more resolution since
the simulator now simulates every gate, and knows the exact switching activity
of each gate. The synthesis tool then gets more detailed information so that it
can determine where it should spend most of its effort to optimize for power.

RTL
design
Forward-annotation v

SAIF File
. RTL
HDL Compile 4©_@Iation
RTL clock gating
Power Compile<' operand isolation

N
Design Compiler} -
Technology
library

Power Compiler

Power
optimized
netlist

. Gate-level
simulation,

Back-annotation
SAIF File

Figure 4.2 Synopsys Power Methodology and Data Flow

4.3 Gated clock

Power optimization achieved at higher levels of abstraction has an increasingly
important impact on reduction of power in the final gate-level implementation.
Clock gating provides a power-efficient implementation of register banks that
are disabled during some clock cycles.

While performing automatic clock gating insertion, the HDL compiler checks
the RTL design for synchronous load-enable registers. Such registers are
normally implemented by the synthesis tools by use of feedback loops (figure
4.3). However, these registers maintain the same logic value through multiple
cycles and unnecessarily use power.

By gating the clock of register banks (figure 4.4), you can achieve significant
power reductions. RTL clock gating is often achieved with little or no impact on
timing or area. Designs that benefit most from clock gating are those with low-
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throughput data paths which are not active all the time.

Mux Register
—yt D Q

Data out,
Data in v

enable

control
logic

Figure 4.3 Synchronous load-enable register with multiplexer

CIk

Some synthesis tools and technology libraries uses a register with an enable
input instead of the standard register with a loop-back multiplexer.

The transistor count of the three different register types is typical:

* Normal DFF register bank with loop-back multiplexer (figure 4.3):
Nirans = 36 Lwidth.

* DFF register bank with input enabl; = 34 [Wwidth

trans

* Normal DFF register bank with gated clock (figure 4.4):
Nirans = 24 width+ 18 (the extra 18 transistors is from the enable
latch and the AND-gate).

The breakpoint where gated clock generates less area than the other two register
types is wherwidth> 2

) Register
Data in D 0] Data out

enclk

Clk

Figure 4.4 Latch-based gated clock

The latch assures that potential glitches on the enable signal do not reach the
clock input (enclk) of the DFF-register (see figure 4.5).

clk
v S N A I S R

l [1]
enable—I glitch
enl — | |
enclk

Figure 4.5 Latch-based gated clock waveform example with glitch
It is possible to get the same result by manually inserting the gated clock into

35



the RTL-code (see example in section 9.2 in the appendix).

4.4 Other power saving optimizations

There are some other optimizations that the synthesis tools can do at gate level
to reduce power consumption. Among them are Operand Isolation and
Factoring. None of these two will have as much impact as the Gated Clock, and
they may result in much longer synthesis time. But if you are looking for the
most power optimized result, they may sometimes help.

4.4.1 Operand isolation

In the traditional implementation of a design, data-path operators are always
operational. They dissipate power even when the output of the operators is not
used. A data-path operator generates switching activity whenever its inputs
change, even if its output is ignored. In a particular clock cycle, the data-path
operator output is not used if it is an input to an unselected multiplexer or if the
data-path operator is an input to a register that is currently disabled. The result is
wasted power. With the operand isolation approach, additional logic (AND or
OR gates) called isolation logic is inserted along with an activation signal to
hold the inputs of the data-path operators stable whenever their output is not
used (see figure 4.6).

The ideal candidates for operand isolation are arithmetic modules such as
arithmetic logic units (ALUs), adders, and multipliers that frequently perform
redundant computations.

Operand isolation sell sel2
logic

TD@

Reg
11 p

Figure 4.6 Operand isolation

4.4.2 Factoring

Based on information from the switching activity file (SAIF-fail) the synthesis
tools can decide on how to factorize a function based on which in signals
generate the most switching activity in that logic function.

For example, in figure 4.7 we have a logic function with four different inputs (a,
b, c and d) where the in signal b is a very active signal (based on information
received from gate-level simulations). The left implementation will produce a
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logic function where the b signal propagates through all logic gates, and there
fore may result in switching activity on all four gates. If we instead factorize the
logic function like the one to the right, the b signal will only affect two of the
logic gates. Both functions produces the same result, and have the same number
of gates. The only difference is the wiring.

f=ab+bc+cd

f=ab+c(b+d) f=b(ac)+cd

oo

O

c
d

o

Low activity
High activity

Figure 4.7  Factoring for reducing the circuit switching activity

37



38



5 Result

The Post Buffering Rake Receiver has been implemented in VHDL and
simulated at the RTL-level. Each block has first been simulated separately with
stimuli data generated from a reference model written in C. The bit-exact
simulation and verification of the whole design has been done with raw base-
band data from a Matlab WCDMA model developed by Atmel MMC. Area and
power estimation has been done with Synopsys Design Compiler and Synopsys
Power Compiler together with a 0.af low power technology library from
UMC.

Power consumption and area has been estimated for six of the blocks from the
Post Buffering Rake Receiver. These blocks show clearly where the most gain
from using gated clocks can be expected. The result from the VDB Memory has
also been included in some of the figures/tables. Since the VDB Memory is a
hard macro, and therefore can not be optimized by using gated clocks, it is not
included in figures/tables which shows gated clock vs. normal clock.

5.1 Power consumption

The total power consumption for the six selected blocks plus the VDB Memory
with normal clocks and a spreading factor of 128 (corresponding to a symbol
rate of 30Ksymbols/s) is shown in figure 5.1. Since the spreading factor is so
high, the memory accesses to the VDB Memory is very low. With zero active
fingers, there are no accesses to the VDB Memory, and the Symbol Despreader
block also draws less power due to the fact that there are almost no internal
switching activity in that block, the only power dissipation is from internal
leakage (see figure 5.1).

! Il OVSF-generator
Il Descrambler
\ I | e
[ Chip aligner
‘ H ~1| 0 PN-generator
[] Symbol Despreader
‘ H — | ] VDB Memory

(mw)

Figure 5.1 Power dissipation normal clock (SF=128)

In figure 5.2 the spreading factor is set to 4 (960Ksymbols/s). All blocks except
the VDB Memory consume almost the same amount of power as with a
spreading factor of 128. It is only the VDB Memory that consumes more power
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as the read/write accesses to the memory increases by a factor of 32. All other
changes are due to the changed input baseband data.

Il OVSF-generator
‘ ‘ } Il Descrambler
Il MRC
[ Chip aligner
‘ ‘ } ~|| X0 PN-generator
[ Symbol Despreader
‘ ‘ ‘ —{| ] VDB Memory
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<

1 15 2 25 3
(mw)

Figure 5.2 Power dissipation normal clock (SF=4)

Figure 5.3 and 5.4 show the results when gated clocks are used on the output
buffers in the different six blocks. The total power consumption goes down.
With fewer active fingers the power consumption goes down almost linearly
with the number of active fingers.

Il OVSF-generator
I D
8 ‘ 1| e
[ Chip aligner
7 ‘ ‘ } 7| X PN-generator
[ Symbol Despreader
6 \ l 1| voB Memory

Active fingers
S
L

=3
o
o
-

15
(mW)

Figure 5.3 Power dissipation gated clock (SF=128)

With a lower spreading factor (higher symbol rate) and more active fingers, the
MRC accesses the VDB Memory more frequently, which leads to an increase in
the power consumption for the memory. The power consumption for the VDB

Memory is only dependent of the spreading factor and the number of active
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fingers.
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Figure 5.4 Power dissipation gated clock (SF=4)

In figure 5.5 the total power consumption for normal and gated clocks are
shown side by side for different number of active fingers, we can easily see the
effect of gated clocked output registers with different number of active fingers.

25 T T T 25 T T T
Ml Gated clocks Il Gated clocks
1 Normal clocks [ Normal clocks
2r 2
15 1 15
B B
E E
1 1
05F 1 0.5
0 — 0 —
0 1 2 3 4 5 6 7 8 0 1 2 3 4 5 6 7 8
Active fingers (SF = 128) Active fingers (SF = 4)

Figure 5.5 Total power dissipation

The power reduction followed by the insertion of the gated clocks registers
shows, as expected, that with fewer active fingers the power reduction is higher.
Even with eight active fingers we see that the power consumption of the gated
clock implementation is ~15% less than with normal clocked registers (see
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figure 5.6).

0
01 2 3 45 6 7 8 01 2 3 45 6 7 8
Active fingers (SF = 128) Active fingers (SF = 4)

Figure 5.6 Total power dissipation gates vs normal clock (%)

By calculating the percentage power consumption of the different blocks
(including the VDB Memory), we can see which blocks could be considered for
power optimization.

With normal clocked registers, the single most power consuming block is the
Symbol Despreader. It accounts for between 35% and 45% of the total power
consumption depending on the number of active fingers, and the spreading
factor.

45
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Figure 5.7 Block power dissipation, normal clock (%) (SF=128)

42



Il VDB Memory
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Figure 5.8 Block power dissipation, normal clock (%) (SF=4)

When we look at the power dissipation with gated clocked registers and a
spreading factor of 128, we see that it stays almost constant independently of
the number of active fingers. It is only when there are no active finger that we
can see a change in the power distribution between the blocks.
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Figure 5.9 Block power dissipation, gated clock (%) (SF=128)

In the case where we have a spreading factor of 4, the increased activity of the
VDB Memory shows that for a large number of active fingers, the VDB
Memory accounts for a large part of the total power consumption. With zero
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active fingers the VDB Memory does not consume any power at all.
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Figure 5.10 Block power dissipation, gated clock (%) (SF=4)

In table 5.1 and table 5.2 we see that the OVSF Generator block does not benefit
from gated clocks. The reason for this is that the OVSF generator is a very small
block with only two output registers so the synthesis tool does not insert any
gated clocked registers. The very small reduction shown is due to some very
small power optimizations the synthesis tool does instead of the gated clock
insertion. All other blocks benefit a lot from the gated clock insertion, even with

a spreading factor of 4 and eight active fingers. Since the Descrambler has no
idle cycles with eight active fingers, it does not benefit from the gated clock in
that specific case.

Number of active fingers
0 1 2 3 4 5 6 7 8

OVSF generator | 0.6% 1.0% 0.5% 0.0% 0.0% 1.5% 1.8% 1.4% 1.8%

Descrambler | 38.8% | 27.6%| 18.694 13.7%  10.09 6.8P0 4.4% 29% -1.p%

MRC | 74.4% | 72.0%| 71.8%4 71.5% 71.79 71206 71.5% 71[7% 70{9%

Chip aligner | 50.8% | 50.7%| 50.199 49.9% 48.8¢ 4826 47.3% 46.8%  45|0%

PN generator | 45.0% | 56.6% 51% 45.89 40.19 3450 38.0% 31.6% 712%

Symbol Despreader| 65.8% | 47.2%| 42.3% 39.0% 35.6 33.0p6 30.3% 28.p% 23|12%

o oN O | oo o

Total | 56.4% | 51.8%| 47.89q 44.8% 41.69 38500 355% 32.8% 27[5%

Table 5.1 Power dissipation reduction for gated vs. normal clock (SF=128)

Number of active fingers
0 1 2 3 4 5 6 7 8

OVSF generator | 0.6% 1.0% 0.5% 0.0% 0.0% 1.5% 1.8% 1.4% 1.8%

Descrambler | 38.8% | 27.6%| 18.694 13.79 10.09 6.8P0 4.4% 29% -1.p%

MRC | 74.4% | 46.0%| 44.79% 43.79 47.04 61.1% 60.1% 59.p% 58|9%

PN generator | 45.0% | 56.6%| 51.09q 45.89 40.19 3450 28.0% 21.6% 712%

Symbol Despreader| 65.8% | 47.3%| 43.694 39.99 36.64 33.1% 30.1% 27.8% 22|9%

b
b

Chip aligner | 50.8% | 50.7%| 50.199¢ 49.9% 48.8 48.200  47.3% 46.B%  45[(0%
b
b
b

oY oN oy ooy o

Total | 56.3% | 49.3%| 45.8%q 42.79 39.59 36.2p0 32.2% 30.4% 25(2%

Table 5.2 Power dissipation reduction for gated vs. normal clock (SF=4)
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Table 5.3 to 5.6 shows the same results as in figure 5.1 to 5.4 respectively.

Number of active fingers

0 1 2 3 4 5 6 7 8

VDB Memory 0.0% 0.1% 0.2% 0.39 0.49 0.5% 0.6% 0.7% 0.p%
OVSF generator | 1.0% 1.0% 1.0% 1.0% 1.09 1.3% 1.3% 1.3% 1.4%
0
0

Descrambler 1.7% 1.9% 2.2% 2.4% 2.79 3.09 3.3% 3.5% 3.1%
MRC | 10.7% 9.2% 9.1% 9.09 9.19 8.9¢ 8.9%% 9.0% 9.2%
Chip aligner | 21.3% | 19.6%| 19.894 19.8% 19.7% 19.5p6 19.4% 19.83% 19|7%
PN generator | 29.0% | 26.6%| 25.3% 24.6% 24.0% 23.626 22.6% 22.0% 20|4%
Symbol Despreader| 36.3% | 41.7%| 42.39%4 42.8% 43.1% 43.206 43.8% 44.P% 44{8%
Total | 100% | 100% | 100%| 100% 100% 100%  100%  100%  100%

Table 5.3 Power dissipation per block for normal clock (SF=128)

SO O TS

Number of active fingers

0 1 2 3 4 5 6 7 8

VDB Memory 0.0% 3.2% 6.1% 8.9% 11.5% 13.7% 16.0% 18.1% 20./%
OVSF generator 1.0% 0.9% 0.9% 0.9% 0.9% 1.1% 1.1% 1.0% 1.0%
Descrambler 1.7% 1.8% 2.0%) 2.1% 2.3% 2.5% 2.7% 2.8% 2.8%
MRC 10.7% 12.4% 12.3% 12.19 11.9% 1162 11.5% 118% 11{5%

Chip aligner | 21.3% 18.3% 17.9% 17.49 16.8% 16.1p6 15.6% 15.01% 14{8%
0
0

PN generator | 29.0% | 24.8%| 23.09%4 21.69 20.49 195 18.2% 17.2% 15{3%
Symbol Despreader| 36.3% | 38.7%| 37.79% 36.99 36.24 35500 35.0% 344% 33|8%
Total | 100% 100% 100% 10099 100% 100% 1006  100%  100%

Table 5.4 Power dissipation per block for normal clock (SF=4)

=N E=AEAE=

Number of active fingers
0 1 2 3 4 5 6 7 8

1.0% 1.1% 1.p%

VDB Memory 0.0% 0.2% 0.4% 0.6Y 0.7% 0.8%
OVSF generator 2.4% 2.0% 2.0% 1.9% 1.8% 2.1% 2.0%0 2.0% 1.9%
Descrambler 2.4% 2.8% 3.4% 3.8% 4.1% 4.5% 4.9% 5.1% 5.1%
MRC 6.3% 5.3% 4.9% 4.6% 4.4% 4.1% 3.9% 3.8% 3.7%

Chip aligner | 24.0% | 20.0%| 18.994 17.99 17.29 1640 15.8% 15.8% 14|9%

=]
o

(=]

PN generator | 36.6% | 23.9%| 23.8%4 24.19 245% 25000 25.1% 25.6%  26{0%

Symbol Despreader| 28.4% | 45.7%| 46.79 47.19 47.49 47.000 47.2% 47.p%  47(3%

(=]
(=)

Total | 100% 100% 100% 100% 1009 100% 100% 100Po 100%

Table 5.5 Power dissipation per block for gated clock (SF=128)

Number of active fingers
0 1 2 3 4 5 6 7 8
VDB Memory 0.0% 6.1%| 10.8% 14.69 17.7% 20.0% 22.2% 24.2% 25]9%
OVSF generator 2.4% 1.7% 1.6% 1.5% 1.3% 1.5% 1.5% 1.4% 1.3%
Descrambler 2.4% 2.4% 2.9% 3.09 3.1% 3.4% 3.5% 3.6% 3.5%
MRC 6.3% | 12.8%| 12.0% 11.1% 10.5% 9.9% 9.4% 9.0% 8.8%
Chip aligner | 24.0% | 17.2%| 15.79%4 14.3% 13.2% 12.1% 114% 10.B% 10|2%
PN generator | 36.6% | 20.6%| 19.8% 19.2% 18.8% 185P% 18.2% 18.p% 17[8%
Symbol Despreader| 28.4% | 39.1%| 37.3% 36.3% 35.3% 34.606 33.8% 33.1% 32(5%
Total | 100% 100% 100% 100% 100% 100% 10090 100% 100%

Table 5.6 Power dissipation per block for gated clock (SF=4)
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The VDB Memory is generated with a memory compiler for a UMC ui3
low power process. The memory is a 74 words deep and 64 bits wide single-port
synchronous SRAM with zero standby current. The power consumption for the

memory is described by equation 5.1, whegasRhe chip-rate (3.84Mcps) and
NfingersiS the number of active fingers.

N .. F
Prem = —f'”gself ¢ [B6.61uW (Eq.5.1)

5.2 Area

The six examined blocks have been synthesized to gates to see the impact of the
gated clock register insertion for the different blocks. As shown in table 5.7, all
but the OVSF generator block benefits from the clock insertion (see section 4.3
for more information regarding the area reduction with gated clock). The area
reduction by two gates in the OVSF generator is probably due to some
optimizations of the combinatory logic in the block. The rest of the blocks are
between 13% and 26% smaller when utilizing gated clocked registers. The total
area reduction is almost 20% (not including the VDB Memory).

Normal | Gated Gated
locks | clocks vS
¢ Normal clock
OVSF generator 220 218 99.1%
Descrambler 404 352 87.1%
MRC 2725 2374 87.1%
Chip aligner 3633 2853 78.5%
PN-generator 4515 3294 73.0%
Symbol Despreader 7379 6188 83.9%
Total 18876 | 15279 80.9%

Table 5.7 Block area (number of gates)

The VDB Memory area is 46276n°, which corresponds to ~8900 gates. The
memory needed by the FlexRake Receiver (see section 3.2) is 188164
(~35225 gates) big (45% larger that all six blocks plus the VDB Memory in the
Post Buffering Rake Receiver), and it consumes 1.81mW (maximum total
power consumption for all six blocks plus VDB Memory is ~2.17mW). In
section 7.2 there is a description of a optimization that could make the memory
need for the Post Buffering Rake Receiver even smaller.
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6 Conclusions

By moving the Variable Delay Buffer from the input side to the output side of
the Rake Receiver, the memory footprint is much reduced and the memory
access rate is also significantly reduced (depending on the current Spreading
Factor). The increased complexity of the Scrambling Code Generators and
some of the other blocks is small compared to the total power and cell area
reduction.

By utilizing gated clocks on some of the blocks, power consumption and, in
some cases, area is reduced even more.

By using power optimization tools the gate clocking insertion is a very easy, and
does not make the design flow more complex. If the synthesis tools shall be able
to do other major power optimizations, one needs to do longer gate level
simulations to gather switching activity information for the power optimization
tools. It may not be as time efficient as the gated clock insertion. But if one
needs to reduce the power consumption as much as possible, the extra steps in
the design flow may be worth it.

If one does not have access to power optimization tools, one can still use gated
clocks by manually insert them into the RTL code.

a7
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7 Future improvements

7.1 Channel compensator

The Channel Compensator block consists of a complex multiplier that
multiplies the Channel Estimation value with a Symbol. A complex
multiplication consists of four multiplications, one addition and one subtraction.

(a+bi) Qc+di) = (alc—b ) + (ad+b k). (Eq. 7.1

The multiplications are rather expensive operations, and should therefore be
considered for optimization. One rather easy optimization that reduces area by
almost a factor four, is to make the complex multiplication in four steps.

1 tmp= allc
2 re = tmp—(bOd
3 tmp= ald

4 im = tmp+(cObh

With this optimization we only need one multiplier and one combined adder/
saturator. But the Channel Compensator needs to work at four times the clock
rate of the input data. The data bus going out from the Channel Compensator
block now only needs to be half as wide since we can send the real and
imaginary parts of the result separately (first “real part” from step 2, then
“imaginary part” from step 4). This will result in less logic (smaller registers)
and easier routing (fewer signals). It will also make the optimization of the
MRC (see section 7.2) easier.

7.2 MRC

The MRC consists of a large register file (implemented as a synchronous
memory) and a complex adder. The major optimization that could be made to
the MRC is to do the complex addition in two steps. The first step adds the
incoming real part of the symbol from finger N (from the Channel
Compensator) with the previously accumulated real parts from finger 0->N-1,
the result is stored at the same position. The second step is to add the imaginary
parts in the same way as in the first step. With this optimization we can remove
one of the two adders. We could also store the real and imaginary parts of the
accumulated symbols sequentially after each other instead of together, this will
make the memory width half as wide, but the memory depth needs to be twice
as deep. We also need to run the MRC block and memory at twice the Symbol
data rate (this should not be any problem).

The memory will change from a 74x64bit memory to a 148x32bit memory. This
will make the memory area footprint 28% smaller than before (total area
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reduction may be more than 25%, not counting the Channel Compensator),
although the memories have the same bit count. But the power consumption for
the memory will increase by 15% (may result in a worst case total power
increase of ~3%).

This MRC optimization should be used together with the Channel Compensator
optimization to eliminate any need for buffers or multiplexers between the two
blocks.

7.3 Other optimizations

One major optimization that | have not looked into is to reduce the data widths
of the data paths between the blocks. Especially the MRC and the memory
block should benefit much from reduced data widths. Resolution of the 1/Q-
symbols is2 [132 bits, this could probably be reduced2tdl4  bits. Together
with the previously described memory optimizations, the footprint may be 60%
smaller, and the power consumption of the memory may be 35% less. To be able
to reduce the data widths without loosing to much performance (i.e. accuracy of
the end result), one needs to do heavy Matlab simulations to determine where
one can safely reduce the data width.
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9 Appendix

9.1 Abbervations

—

)

3G | 39 Generation Mobile Communication System
ADC Analog to Digital Convertef
ASIC Application Specific Integrated Circyi
BS Base Station
CCPCH Common Control Physical Channel
CDMA Code Division Multiple Access$
CMOS Complementary Metal Oxide Semicondugtor
CPICH Common Pilot Channe
DFF D Flip Flop
DPCCH Dedicated Physical Control Channel
DPCH Dedicated Physical Channel
DPDCH Dedicated Physical Data Channpel
DS Direct Spread
FDD Frequency Division Duple
FH Frequency Hopping
FIFO First In First Out
GSM Global System for Mobile communication
HDL Hardware Description Language
IMT-2000 | International Mobile Telecommunication 2000
IS-95 CDMA based digital mobile standard
MRC Maximum Ratio Combiney
MS Mobile Station
OVSF Orthogonal Variable Spreading Factor
PDC Personal Digital Cellula

=

Table 9.1
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PN Pseudo Nois{
QPSK Quad Phase Shift Keying
SAIF Switching Activity Interchange Fil¢

SF Spreading Factg
SIR Signal to Interference Rat|o
TDD Time Division Duplex
TFCI Transport Format Combination Indicator
TMDA Time Division Multiple Access
TPC Transmit Power Contrq
UMTS | Universal Mobile Telecommunication Syste
VDB Variable Delay Buffer
VHDL VHSIC Hardware Description Languag
VHSIC Very High Speed Integrated Circuy
WAP Wireless Application Protocg
WCDMA Wideband CDMA

Table 9.1
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9.2 Gated clock in VHDL:
Manually inserted gated clock (VHDL RTL code).

entity test is

port (
clk :in std_logic; -- Master Clock
en :in std_logic; -- Block Enable
a :in std_logic_vector(7 downto 0); -- Data input a

b :in std_logic_vector(7 downto 0); -- Data inputb
sum : out std_logic_vector(15 downto 0)); -- Data output
end entity test;

architecture rtl of test is

signal enclk : std_logic; -- Internal enable clock
signal enl : std_logic; -- Latched enable

begin -- architecture rtl
enclk <= clk and enl;

latch : process (clk, enable) is

begin
if clk ='0’ then
enl <=en;
end if;

end process latch;

dff : process (enclk) is
begin
if enclk’event and enclk =1’ then
sum<=a+b;
end if;
end process dff;

end architecture rtl;
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