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Abstract

This paper presents the architecture design, IC design and implementation of an uplink
baseband transceiver for W-CDMA systems. The architecture is designed based on 3GPP
Radio Access Network FDD mode specification. In addition, advance techniques such as
beamforming and RAKE receiving are adopted. The beamformer uses spatial signature
calculated by the beam searcher to combine input signals from four antennas and therefore a
spatial diversity gain is introduced. Path diversity is provided by the RAKE receiver, which
gathers four multi-path signals with the weights obtained from the channel estimator for
maximum ratio combining. Scalar channel and vector channel models are both used in the
simulation to verify the design. Both simulation and hardware emulation results show that the
proposed architecture can indeed meet the specified requirement, and the advanced
techniques, such as beamformer, really provide an enhancement in reception.

Keywords: Transceivers, W-CDMA, RAKE, beamforming, smart antenna
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Design and Implementation of an Uplink Baseband
Receiver for Wideband CDMA Base Stations

Hsi-Pin Ma, Steve Hengchen Hsu, and Tzi-Dar Chiueh
Department of Electrical Engineering and
Graduate Institute of Electronic Engineering
National Taiwan University, Taipei, Taiwan 10617
Phone:+886-2-23635251 x.511, Fax:+886-2-23659042
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Abstract

This paper presents architecture design, FPGA implementation, and measurement results of a real-time signal
processing circuit for WCDMA uplink baseband receiver. To enhance uplink performance, a four-element antenna array
using spatial signature for beamforming (spatial diversity) and a four-finger Rake combiner gathering the most significant
multi-path signals {path diversity) are integrated in the proposed receiver. Moreover, a low-complexity beamforming
architecture using a correlator-based beam searcher, a decision-directed carrier recovery loop, and a matched-filter
based channel estimator are also designed. Simulations are based on the standard Doppler-fading scalar channel models
provided by 3GPP and an extension to vector channel models is also made for beamformer simulation, Simulation
and hardware emulation results show that the proposed architecture not only meets the specified requirements but also
achieves such performance with relatively low hardware complexity.

Index Terms

IMT-2000, WCDMA, Rake receiver, beamformer, diversity receiving.

I. INTRODUCTION

Nowadays, digital mobile communication systems are prevalent worldwide for providing data/voice
services to mobile users. Nonetheless, current second generation systems are limited in the max-
imum data rate they can support. Third generation mobile communication (International Mobile
Telecommunications-2000, IMT-2000) systems promise to provide more advanced services, such as
broadband internet access, video telephony, and video conferencing, in addition to the voice and low-
rate data services currently available. The third generation {3G) mobile communication systems are
being developed to support a wide range of bearer services with low to high data rates: up to 144 kbps
in vehicular, 384 kbps in outdoor low-mobility, and 2 Mbps in indoor environments. Furthermore,
3G systems will operate in various environments, e.g., urban and suburban areas, hilly and moun-
tainous areas, and indoor environments. In other words, 3G mobile communication systems promise
to simultaneously achieve two major geals in modern mobile communication: wide-area mobility and
high-bandwidth interactivity.

Wideband CDMA (WCDMA), proposed by 3GPP (Third Generation Partnership Project), is one
of the major proposals for ITU IMT-2000 RTT (Radio Transmission Technology) standards [1]. In the
3GPP proposal an uplink pilot channel is introduced to improve the system performance. With this
sounding pilot signal, rather accurate channel estimation can be achieved. Such information about
the channel facilitates implementation of several advanced receiving techniques that help increase the
signal to interference and noise ratio (SINR) of the received signal. Since the performance of CDMA
system is known to be interference-limited, the more the interference can be suppressed, the more
capacity can be achieved.

Among these techniques, multi-user detection (MUD) [2] [3] exploiting the dedicated pilot channel of
each user can be adopted for multiple access interference (MAI) elimination. Adaptive antenna array



[4] with a beamformer is another technique that uses pilot channel of each user to form an appropriate
beam pattern with the main beam directed toward the desired user and nulls toward other interference
sources. Other than the aforementioned interference suppression/cancellation techniques, the pilot
channel also facilitates channel estimation required in two other CDMA receiver signal processing
functions: Rake combining for diversity receiving in multipath fading channels and carrier recovery for
correcting carrier phase/frequency error from local oscillator frequency mismatch and Doppler effect.

In addition, there exists a more sophisticated adaptive antenna architecture, called 2-D Rake receiver
(5] (6] (7] (8] {9], which tries to exploit both the path diversity of Rake combiner and the spatial diversity
of beamformer. In this architecture, one beamformer is used for each of the estimated incoming paths
in a multi-path channel, thus the name 2-D Rake receiver. In a 2-D Rake receiver configuration,
sophisticated algorithms are needed for estimating the weights of the beamformers. e.g., direction-of-
arrival (DOA) estimation algorithm. These algorithms often involves complex matrix operations. Due
to the high computation complexity they demand, matrix-operation-intensive beamforming algorithms
and the 2-D Rake receiver architecture are seldom implemented in real-time hardware.

Recently, real-time high-data-rate CDMA system implementation has received much attention from
researchers worldwide. In [10}, 1.92 Mbps data transmission experiments over a coherent WCDMA mo-
bile link were presented; the implemented receiver adopted antenna diversity reception, Rake combin-
ing, and concatenated channel coding to improve transmission performance. A large testbed with many
discrete components was used for the receiver implementation in the experiments. In [11] {12], another
testbed was constructed for evaluation of the WCDMA technology. In this testbed, the receiver em-
ployed again the Rake combining technique and channel coding for successful demonstration of wireless
multimedia applications in the field. In [13], a testbed for real-time wireless WCDMA communication
was presented. In this testbed, a source codec, a channel codec, and a RF/IF transceiver were imple-
mented. The channel codec contained CDMA baseband processing and convolutional coder/decoder
and was implemented using ten FPGA ICs, one for each block. In the baseband processing module,
only a simplified correlator with code acquisition was used for demodulation, no diversity receiving
techniques were implemented.

A baseband IC for 3G WCDMA communication systems was proposed in [14]. This baseband
IC uses a reconfigurable WCDMA transceiver and an embedded microprocessor. The reconfigurable
transceiver includes programmable filters, spreader/despreader, matched filter, and FFT hardware
for acquisition. Another architecture for WCDMA baseband processing utilized the fact that in a
base station, signals are to be processed in different rates: symbol rate, slot rate, and frame rate
[15]. So three different engines were adopted for each type of processing. With such general-purposed
architecture, different algorithms or CDMA standards can be tested. However, as with most software-
based receiver implementation, hardware complexity is higher and circuit optimization for some specific
algorithms is not possible.

In this paper, a low-complexity adaptive baseband receiver architecture for uplink WCDMA systems
based on 3GPP Radio Access Network (RAN) FDD mode specification [16] {17] [18] and its FPGA
implementation are presented. This architecture includes a beamformer that utilizes the spatial signa-
ture [19] [20] of the desired signal estimated by the correlator-based beam searchers. The beamformer
weights are generated by simple arithmetic manipulation of the spatial signature, and thus the pro-
posed architecture can avoid matrix operations and greatly reduce needed hardware complexity, while
still providing a spatial diversity gain. Path diversity receiving is achieved by the Rake combiner,
whose weights are derived from the multi-path information obtained by the channel estimator.

The rest of this paper is organized as follows. A system overview of WCDMA proposal and introduc-
tion to important uplink channels are given in Section II. System architecture design for the proposed
uplink receiver is discussed in Section III. Section IV describes the adopted channel models and the
simulation results of the proposed receiver architecture. Then, Section V presents FPGA hardware
design and measurement results. Finally, conclusions are given in Section VI. )



II. SYSTEM OVERVIEW

The 3GPP RAN specification [16] [17] [18] is based on the code-division multiple access [CDMA}
scheme using the direct-sequence spread spectrum technique. The adopted chipping rate is 3.84 Mceps
and services with bit rates up to 2 Mbps can be provided. The system uses two levels of spreading:
channelization and serambling. The former is to uncouple data channels assigned to a particular user
by spreading each data channel with a distinct channelization code. In order to support variable
data rates, orthogonal variable spreading factor (OVSF) Walsh codes are chosen for channelization
codes. The latter spreading is aimed at distinguishing users in one cell. The scrambling codes are
complex-valued, and they can be either long codes or short codes.

In 3GPP WCDMA standard, there are three important types of uplink physical channels, Physical
Random Access Channel (PRACH), Dedicated Physical Data Channel (DPDCH), and Dedicated
Physical Control Chanael (DPCCH). PRACH is shared among all User Equipments (UE) in one cell.
and the slotted aloha scheme is adopted by the UEs to make random access requests. Figure 1 depicts
the random access frame structure and the access slot arrangement. Once the random access reguest
of an UE has been successfully received by the base station (BS), the BS will issue a random access
grant message to that UE. This grant message contains essential information for the UE to commence
communication with the BS through DPDCH and DPCCH.
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Fig. 1. PRACH frame structure.

Two types of dedicated physical channels (DPDCH and DPCCH) are assigned by the BS to a UE
upon granting its random access request. The DPCCH is a control channel, containing pilot signal,
Transport Format Combination Indicator (TFCI, data rate information about the current DPDCH
frame), Feedback Information (FBI) bits, and Transmission Power Control (TPC) bits. The DPDCH
consists of information bit stream from the upper layers and the number of DPDCHs assigned to a
particular UE can be more than one according to the services it requests. Figure 2 shows the frame
structure of the two dedicated physical channels. Note that the frame structure is similar to that of
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the message part in PRACH. The spreading factor (SF} of the DPCCH is fixed at 256, while that of
the DPDCH can be set to 256/2%, where k is an integer from 0 to 6. In other words, the spreading
factor ranges from 256 to 4 and the DPDCH physical bit rate runs from 15 kbps to 960 kbps.

II11. SYSTEM ARCHITECTURE

A. Transmitter

Figure 3(a) illustrates the PRACH transmitter model. To construct the preamble part, a preamble
code (Cpre), with a spreading factor of 256, spreads the selected signature at a chipping rate of
3.84 Mcps. Until a grant message is issued, the message part will not be transmitted. The message
part consists of a data part in the in-phase (I) channel and a control part in the quadrature-phase
(Q) channel. They are spread by Cd,pre and Cc,pre channelization codes, respectively. The two
channels are then combined and scrambled by the complex-valued scrambling code {Cs,pre).

Figure 3(b} is the DPCH transmitter, and the two dedicated physical channels are allocated in I
and Q channels in the same way as the data part and the control part of PRACH. Note as in the
message part of PRACH, the DPDCH and DPCCH signals are spread by respective real-valued OVSF
codes (channelization) and then they together are scrambled by a complex-valued scrambling code
(scrambling)}. Moreover, note that depending on the requested services there can be a maximum of
six DPDCHs with six distinct channelization codes while there is always only one DPCCH.

B. Receiver

Figure 4 shows the proposed baseband receiver architecture. A four-element antenna array is adopted
in the proposed uplink receiver. The baseband receiver takes eight input signals (I and Q channels
per antenna element) from the RF/IF module and generates hard decisions or soft decisions for the
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Fig. 4. Proposed WCDMA baseband receiver architecture for PRACH and DPCH.

optional channel decoder. A single baseband receiver architecture can be used for signal detection of
all three uplink physical channels mentioned above due to the similarity in transmission scheme of the
PRACH message part (data and control part) and the DPCH (DPDCH and DPCCH]}.

During the preamble of PRACH, the channel estimator is responsible for estimating channel charac-
teristics. A MUX controls whether the input signal of the channel estimator comes from a particular
antenna element (during the PRACH preamble) or from the beamformer output (during the PRACH
message part and DPCH). A complex matched filter is employed to compute the channel delay profile
and the delays (&;) and phasors (I, Q) of significant paths within one symbol period are then esti-
mated by other blocks in the channel estimator. The channel estimation process begins by first passing
continuously the I-channel matched filter output of the most significant peak (Ip0) to the preamble
signature detector to search for a random access request. Once a random access request is identified,
the beam searcher then estimates and sets up the beamformer weights (bw;). Meanwhile, the carrier
recovery block keeps track of the phasor of the most significant peak (Ip0,Qpo) and estimates the av-
erage frequency offset. Note that, in this initial channel estimation phase, the beamformer and the
Rake receiver are turned off, and the carrier recovery loop is kept open.

After initial channel estimation, the receiver obtains an approximate configuration of the beam-
former, the carrier recovery loop, and the Rake combiner. During receiving the PRACH message part
and the DPCCH/DPDCH signal, the beamformer in the proposed receiver begins to operate with these
estimated weights {bw;). In addition, a phase de-rotate block is placed after the beamformer to close
the carrier recovery loop and the MUX now points to the lower branch. Following beamforming and
carrier phase/frequency correction, the Rake receiver demodulates information bits in the I channel
(data part of the PRACH message part and DPDCH} using maximal ratio combining (MRC) [21].
Meanwhile, the channel estimator, the carrier recovery block, and the beam searcher continuously
tracks channel fluctuations through detecting pilot signals in the Q channel (the control part of the
PRACH message part or DPCCH).

B.1 Channel Estimator

The channel estimator consists of a pre-filter, a complex matched filter, a peak detector, and a
weight estimator as shown in Figure 5. With four-sample-per-chip sampling at the baseband receiver
input, the pre-filter is used to accumulate four consecutive samples and the accumulated running sum
is sent to the complex matched filter. The complex matched filter despreads the input signal, and the
peak detector then locates the largest four peaks within one symbol period. To avoid false detection,
all peaks with magnitude less than a pre-determined threshold are discarded. The phasor values of
these four legitimate peaks are then fed to the weight estimator that calculates the weights (w;) for
the Rake combiner according to

wi X !'in . (Ipi — jQpi), 1=10,1,2,3, [:1]
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where b, is the polarity of the current pilot bit.

B.2 Carrier Recovery Loop

Due to fading and lccal oscillator frequency mismatch, the phase of the incoming signal must be
compensated appropriately. A carrier recovery phase-locked loop (Figure 6) is adopted in the proposed
receiver. The loop operates in two modes: acquisition mode and tracking mode. In the acquisition
mode, which happens during the reception of the PRACH preamble part, an average of the phase dif-
ference between two consecutive symbols is calculated and used as an estimation of the frequency offset.
In the tracking mode, enabled during the PRACH message part and DPCCH/DPDCH reception, the
whole carrier recovery loop begins to operate.

The phase detector calculates the phase of the most significant peak in the matched filter output
(£p0, @po) supplied from the channel estimator. The loop filter is a conventional proportional-and-
integrate type and a numerical-controlled oscillator (NCO) is adopted in this digital phase-locked loop
[22]. In the carrier recovery circuit, the initial phase/frequency calculator operates only once during
the PRACH preamble, while the phase detector and the loop filter operate at symbol rate and the
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NCO outputs a de-rotation phasor at sample rate.

B.3 Rake Receiver

Figure 7 shows the block diagram of the Rake receiver in the proposed receiver. For maximum ratio
combining the proposed receiver uses four fingers with weights computed by the channel estimator.
Four PN-code correlators, with respective delays computed by the channel estimator, are employed
to despread the incoming sample-rate signal intc four despread symbol-rate data. By aligning these
despread data from all four fingers with the I-axis and then weighted summing the aligned data, one
obtains a soft-decision output with optimal SNR [21]. Note that although four fingers are shown here,
the actual number of enabled fingers can be adjusted according to the channel condition.

B.4 Beamformer and Beam Searcher

In addition to path diversity exploited by the Rake receiver, spatial diversity receiving can be
achieved using an antenna array with some beamforming algorithm [4]. Figure 8 shows the proposed



heamformer and beam searcher architecture. The beam searcher consists of four identical elements,
one for each antenna. Each of them utilizes a complex pilot-PN-code despreader (correlator) timed
by the most significant peak timing (dy) to estimate the relative magnitude and phase of the pilot
contained in the baseband signal from each antenna. Since the four antennas are only A/2 apart (A is
the wave length of the carrier), the four despread outputs of the pilot contained in a particular path are
of the same magnitude, vet with quite different phases. However, in a multi-path fading environment,
these four correlator output phasors make up the spatial signature of the vector channel pertaining to
the transmitter with the pilot PN-code [19] [20].

Asin the Rake receiver, these four complex baseband signals can be constructivelv combined if only
they can all be aligned to a certain reference before they are summed. Thus the beamnformer weights
(buy;) are first initialized to the complex conjugate of the spatial signature obtained during PRACH,
To provide robustness against impulsive channel distortion, the beamformer weights are updated using
moving average of the complex conjugate of the estimated spatial signature and are given by

bl = (1 —a) - b + - Ly — §Qopi)s  1=0,1,2,3, (2)

where « is a small positive constant and (I, 4, @b p:) is computed by the ith beam searcher using the
pilot PN-code correlator (despreader) on the complex-valued baseband signal from the ith antenna. an
average of spatial signature is used for computing the beamformer weights. The beamformer then uses
these weights to combine the four complex-valued baseband signals from the antenna array, effectively
steering the antenna beam pattern toward the desired direction.

IV. SIMULATION RESULTS

In this section, we will present results of the proposed receiver.architecture simulation, including
those using floating-point arithmetic and fixed-point arithmetic. The 3GPP WCDMA transmitter
output signal is passed through a channel model, and then the channel output is fed to the proposed
WCDMA receiver. The channel model used is based on a four-ray Doppler fading test channel specified
in the 3GPP standard [23]. The relative speed between the transmitter and the receiver is 120 km/h,
moreover, a carrier frequency offset of 200 Hz (0.1 ppm relative to the 2 GHz RF frequency) and an
input SNR of -6 dB are assumed. .

A. Floating-Point Functional Simulation
A.1 PRACH Preamble Part

The reception of WCDMA signal in the base station begins with detection of the PRACH preamble
sent by a UE. Therefore we first feed some PRACH preamble frames to the proposed receiver. The
simulation results of this test are illustrated in Figure 9. Horizontal axis of all figures are in T,
the sampling interval. Figure 9(a) depicts the matched filter output, which clearly shows periodic
peaks. The signs of these peaks, as shown in Figure 9(c), can then be matched against the preamble
signature. The signature matching result is shown in Figure 9(b) and at the end of the simulation a
RAQ {Random Access Request) is detected (Figure 9(d)). '

A.2 Carrier Recovery Loop

Figure 10 shows the simulation results of the carrier recovery loop working in the tracking mode
during receiving the message part of a PRACH frame. The detected complex-valued output symbols
are plotted in Figure 10{a). It is clear that the detected symbols are limited to two clusters {BPSK)
since the carrier recovery loop has been initialized with values acquired during preamble detection. It
can also be seen that the phase error converges to within a small range around zero (Figure 10(b}))
and the carrier recovery loop is in phase lock with a 200-Hz offset frequency specified in the channel
model.
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A.3 Beamformer

To verify the function of the proposed beam searcher and beamformer, we simulate a multi-user
scenario and use a vector channel extended from the original scalar channel model. The outputs of
this vector channel are then used as the four complex-valued baseband inputs of the beam searcher
and the beamformer. Two cases are simulated: one with only one interfering user and the other with
ter. In both cases perfect power control among users is assumed. The simulation is performed under
the agsumptions that all users have four paths and are traveling at 120 km/h [23]. All four paths of &
user are from different angles of a predetermined angle spread (20 degree as suggested in 2] for urban
cells), and the frequency offset is 0.1 ppm and the input SNR is -6 dB.

Figure 11 illustrates the equivalent antenna pattern according to the beamformer weight setting
found by the beam searcher during PRACH preamble detection. It is clear that in all four cases the
beamformer always forms an antenna pattern with the main lobe pointing toward the desired user,
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which effectively achieves spatial diversity receiving and greatly reduces multiple access interference
(MAI) level.

Figure 12 illustrates the effectiveness of suppressing multiple-access interference (MAI) with the
technique of beamforming. In a simulation with two users: one desired and one interferer. The peak
magnitude of the matched filter output with beamformer enabled (Figure 12(1)) increases about four
folds when compared with when the beamforming is turned off (Figure 12(a)). In another simulation
with ten interfering users, the result without beamforming (Figure 12(c)) shows that the matched
filter in the channel estimator fails, i.e., no peak can be detected during the message part. On the
contrary, with the aid of the proposed beamformer, the receiver can detect pilot signal of the desired
user’s PRACH message part owing to the 6-dB diversity gain and MALI suppression (Figure 12(d})).
Furthermore, note that the magnitude of the detected peaks fluctuate due to the fast fading assumption
of the desired user (a 223-Hz Doppler frequency). '

B. Fized-Point Simulation

Two goals are to be achieved through fixed-point simulation of the proposed receiver: 1) to reduce
the hardware cost by using the minimum word length for each signal in the receiver; 2} to maintain
the overall performance. In other words, through fixed-point simulation we can evaluate the influence
on the system performance brought about by the quantization noise introduced when making finite
the word length of crucial signals in the receiver. Since it will take excessively long simulation time
if the bit error rate is used as the performance index, we thus use the output SNR as a gauge of the
system performance [24]. The output SNR in our simulation is defined as

2

SNR = 10log,, = (3)

o2’
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TABLE I
SigNAL WORD LENGTH USED IN THE PROPOSED WCDMA RECEIVER ARCHITECTURE.

Signal Word Length || Signal Word Length
Beamformer Input 6 Pre Filter Input 6
Beamformer Weight 6 Matched Filter Input 4
Beam Searcher Input 6 Complex Multiplier 6
Beamformer Qutput 6 Atan ROM Input 9
NCO Output 6 Atan ROM Output 11
NCO ROM Address Input 8 RAKE Input 6
where |
H=— Z |Ipﬂ.k|: (4)
7 k=1
2 1 & 2 2
= I -

k=1
where In; is the I-channel component of the most significant peak in the complex matched filter
cutput when the kth symbol is being estimated by the channel estimator.

In the fixed-point simulation, crucial receiver signals adopt various combinations of possible word
length. After careful examination of the simulation results, we then decide the most appropriate word
length of some signals in the proposed receiver. The are listed in Table I list the word length of major
signals adopted in the proposed WCDMA receiver architecture.

C. Receiver Performance Simulation

The conditions used in the receiver performance simulation are identical to those in the previous
beamformer simulation, i.e., 120-km/h four-path multipath fading channel, 20-degree angle spread,
and 0.1-ppm frequency error. All users use a spreading factor of 64, which is equivalent to a channel
bit rate of 60 kbps. However, in this simulation we do not assume perfect power control since the
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effect of multiple-access interference is to be investigated. In the MAI simulation, the desired user
is under Doppler fading and its power can go as low as -10 dB relative to that of the interfering
users and the SNR used is 0 dB. In addition, we also simulated the cases using another slow-fading
two-path channel specified in the 3GPP standard [23]. Following the terminclogy in the standard,
the slow-fading two-path and the fast-fading four-path fading channels are named type-I and type-III,
respectively.

The simulated performance under different noise and multiple-access interference levels are illus-
trated in Figure 13. Note that the curves labeled with (B) correspond to the cases with the beam-
former turned on. From the Figure 13(a}, it is clear that the proposed receiver provides a satisfactory
uncoded receiver performance (BER on the order of 10-2) at SNR around -10 db (about 8-dB Eb/No
with a processing gain of 18 dB) for the worst-case type-IIl channel..

Figure 13(b) exhibits another performance enhancement introducéd by beamforming. Again, with
the help of beamforming, the system performance is greatly enhanced and up to about 30 users can
be accommodated in the slow-fading two-ray type-I test channel (BER on the order of 1072). For
the worst-case type-III test channel (120-km/h, four-ray), approximately 10-15 interfering users can
be tolerated even though the desired user’s power can be as low as -10 dB relative to that of the
interfering users.

V. FPGA IMPLEMENTATION

To verify the feasibility of the proposed low-complexity uplink baseband receiver architecture for
WCDMA base station, we implement the architecture using several FPGA ICs. In this hardware
emulation, four 100K-gate FPGA devices (EPF10k100A) are used. In order to route the signals among
the FPGAs in a fast and flexible way, an emulation board with field-programmable interconnection
capability (Figure 14) is adopted. On this emulation board, connections between the components are
programmable. In addition, an on-board clock buffer is included for low-skew clock distribution.

A. Circuit Design Considerations

By far the largest module of the proposed receiver is the complex-valued matched filter in the channel
estimator. Due to the large spreading factor used in the preamble and pilot bits (256), the tap delay
lines in the matched filter require a very large number of registers. Unfortunately, registers implemented



Fig. 14. Emulation environment for receiver implementation.

in an FPGA take up much resource and make the utilization of the FPGA quite poor. Even though
implementing the delay lines using the SRAM block in the FPGA is also possible, nontheless this
approach greatly limits the speed of the matched filter and thus is not adopted.

Proper pipelining is also necessary since the whole system is partitioned into four FPGA chips
and inter-device communication generates long delay and timing uncertainty. With proper pipelining,
not only the clock skew problem can be solved but also the system speed can be increased. The
operation speed of the emulated WCDMA receiver is 15.36 MHz, four times the 3.84-MHz sample
rate. In other words, the FPGA receiver implementation can achieve the speed required by the 3GPP
WCDMA standard. Due to a resource limitation of FPGA chips, the beamformer and the beam
searcher were not implemented in the hardware emulation. However, the emulation results serve as a
solid foundation for future application-specific integrated circuit (ASIC) implementation of the whole
WCDMA receiver. The receiver was mapped to four FPGA chips with about 50% hardware used for
the complex-valued matched filter in the channel estimator. The rest of the channel estimator and
the carrier recovery loop circuit make up 20% of the FPGA hardware, while the phase de-rotator,
pre-filter, digital AGC, and the Rake combiner occupy about 30% of the hardware.

B. Measurement Results

B.1 Matched Filter

In Figure 15, both verilog simulation result and logic analyzer measurements of the receiver imple-
mented in FPGAs are shown. The experiment is for receiving the preamble part and the message part
of a PRACH frame. The horizontal axis is the time index in sample intervals (7;). The curves shown
are the despread I-channel output of the matched filter. Note that the two curves are identical since
all signals are digitally processed, thus no degradation is introduced by the mapping from the verilog
design to the FPGA implementation. In the curves, there are periodical peaks, each 1024 samples
(256 chips) apart. The first 16 peaks indicate the 16 preamble symbols of the PRACH preambie part.
Note that the signs of these 16 peaks (- - + + + + + - - + - - - - + -} are exactly the reverse of
the 16-bit signature of the PRACH preamble (due to initial phase difference between the transmitter
and the receiver) and that the peaks’ amplitude fuctuate (due to a lack of carrier synchronization and
fading).

B.2 Detected Data

Figure 16 depicts a segment of demodulated hard-decision output stream. Again both the verilog
simulation and the FPGA emulation measurement results are shown and they are identical. In our
emulation, due to the memory limitation of the logic analyzer, only less than 63000 samples (about
61 symbols with & spreading factor of 256 and four samples per chip) can be emulated. The FPGA- ~
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Fig. 16. Comparison of simulation and emulation results of receiver decision outputs during the message part of a
PRACH frame. (a) Verilog simulation results and (b) logic analyzer measurements.

implemented receiver is able to detect without error all the emulated bits in a PRACH message part
under a single-user Raleigh Doppler fading channel with 200-Hz frequency offset and 0-dB SNR.

VI. CoNCLUSIONS

In this paper, an uplink baseband receiver architecture conforming to the 3GPP RAN FDD-mode
WCDMA standard is proposed. This architecture includes a beamformer using correlator-based beam
searcher, a four-finger Rake combiner, a matched-filter-based channel estimator, and a carrier recovery
loop. Simulations were conducted based on two Doppler-fading multipath channel models specified
in the 3GPP standard document. Moreover, in order to test the advanced features provided by the
proposed beamformer, vector channel models derived from the scalar channels described in the standard
were also used. The simulation results showed that the proposed beamforming receiver architecture
can accommodate up to 15 users with 60-kbps channel bit rate at a frequency offset of 200 Hz (0.1ppm
of the RF carrier frequency), an SNR of 0 dB, a speed of 120 km/h, and the desired user’s power
as low as -10 dB relative to that of the interfering users. In addition, the beamformer is a linear
combiner with its weights generated by a low-complexity correlator-based beam searcher, making the
proposed receiver architecture much less complicated than the traditional direction-of-arrival-based
beamforming approach. -



FPGA emulation of the proposed architecture was also conducted. The emulation can operate at a
sample rate of 15.36 MHz, as fast as that specified by the standard. Moreover, the measured results
show identical performance to those obtained in the circuit simulation, verifying the feasibility of the
proposed architecture. Therefore, we believe that the proposed architecture serves as a solid foundation
for future cost-effective application-specific integrated circuit {ASIC) implementation of the baseband
processing circuit in a WCDMA base station receiver.
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