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ABSTRACT

In the past years numerous algorithms, schemes and tech-
niques have been proposed, in order to improve the perfor-
mance of the wireless multi-antenna communication systems.
Real-time multi-antenna testbeds are offering the means to
analyse the real-world performance, implementation cost and
feasibility of such novel techniques, accounting for hardware
limitations and software constraints. This paper presents the
physical-layer (PHY) design, implementation and validation
of a high-performance real-time mobile WiMAX transceiver,
accounting for low-level deployment issues and signal impair-
ments. A first evaluation of the acquired results for both
Single Input Single Output (SISO) and Multiple Input Mul-
tiple Output (MIMO) system-configurations, demonstrates
the performance of the system using real-time channel emu-
lation.

1. INTRODUCTION

The deployment of real-time baseband prototypes featuring
wide bandwidth and adaptive performance has always been
a challenging task for designers of communication systems.
Additionally, the inclusion of multi-antenna schemes is scal-
ing the computational complexity in the PHY-layer, com-
pared to the traditional SISO ones. As a consequence, the
design and implementation stages should not be underesti-
mated, even if the underlying algorithmic part derives from
well-established scientific knowledge. This is because the de-
ployment of processing-demanding baseband prototypes al-
ways requires a mixture of state-of-the-art signal processing
techniques and leading edge applied research. Moreover, the
laboratory-based debugging, verification and testing of real-
time MIMO systems is a very costly and painstaking process,
especially when including Radio Frequency (RF) front-ends
and channel emulators (i.e., the system-wide considerations
are increasing). This paper presents the baseband design and
implementation of a transceiver based on the IEEE 802.16e-
2005 standard (denoted as mobile WIMAX) featuring re-
sults of both SISO and MIMO system-configurations using
static channels. The performance of the real-time FPGA-
based transceiver is also comgared with the equivalent Mat-
lab model. The GEDOMIS® (GEneric hardware DemOn-
strator for MIMO Systems) testbed has facilitated the func-
tional validation of the transceiver under realistic operating
conditions.
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1.1 Related work

One of the main motivations of this paper is the absence
in the related literature of real-time baseband implementa-
tions of the complete mobile WiMAX PHY-layer (featuring
MIMO-OFDM). This is due to the fact that the design and
deployment of such real-world systems implies a considerable
overhead in terms of design complexity and implementation
cost. In this context, it is common that researchers choose
to implement SISO mobile WiMAX systems, like the ones
that will be detailed next. For instance, in [1] it is presented
the performance of a FPGA-based PHY-layer implementa-
tion. The authors of the encountered papers are also limit-
ing the scope of their research to non real-time deployments
[5] of the PHY-layer of mobile WiMAX. Another common
practice is to assembly testbeds using Commercial-Off-The-
Shelf (COTS) components and hardware boards that enable
the deployment of measurement campaigns [4]; nevertheless,
this approach does not offer an insight to the design and im-
plementation complexity of the PHY-layer. Various papers
present results related to the characterization of the PHY-
layer of mobile WiMAX by using system-simulations [2]. An-
other example of related work is given by the authors of [3],
where the performance of a baseband transceiver deployed in
a multi-core software defined radio (SDR) platform is demon-
strated by software simulations. In any case, it is important
to underline the fact that simulations are not taking into ac-
count various important implementation parameters, which
are inherent to the bit-intensive nature of the baseband pro-
cessing algorithms. Finally, we have encountered very lim-
ited sources of related work regarding MIMO-OFDM mobile
WiIiMAX systems. These include partial PHY-layer FPGA
implementations of specific baseband algorithms [9] or im-
plementations featuring emulation results [7]. Arguably, the
most related reference-work is presented in [6], where the
authors implemented a 2x2 MIMO base station transceiver
based on cell broadband engine.

The goal of this paper is to present the critical aspects
that need to be considered, when designing and implement-
ing a wide-bandwidth baseband prototype that features mul-
tiple antennas and operates in real-time. Our aim is also
to underline the value of the whole hardware set-up that
makes use of heterogeneous equipment with critical system-
integration features, which account for low-level implemen-
tation issues and signal impairments.

2. FLEXIBLE DESIGN METHODOLOGY

The PHY-layer of the MIMO-OFDM mobile WiMAX
transceiver was modelled in Matlab, designed with custom
VHDL code and implemented using a real-time FPGA plat-
form. The WiMAX standard compliance was verified by us-
ing a well-established testing methodology and certified soft-
ware tools for mobile WiMAX. It is important to underline
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Figure 1: The design and implementation flow-chart.

that various additional instruments and equipment of the
GEDOMIS® testbed [10] were used on top of the FPGA-
based signal processing platform (please, refer to our previ-
ous work for a detailed description of the hardware setup).
This enabled the validation and performance evaluation of
CTTC’s MIMO-OFDM mobile WiMAX prototype in close
to real-world conditions. The focus of this paper is laid on
the baseband design and the real-time implementation of a
MIMO-OFDM mobile WiMAX transceiver, which included
the hard task of board-level code-integration (e.g. AGC
algorithm, interpolation filters, compensation of RF signal
impairments, DAC ICs programming, digital down conver-
sion, etc), as well as the real-time debugging and system-
testing under realistic laboratory conditions. The design and
implementation flow of the MIMO-OFDM mobile WiMAX
transceiver is shown in figure 1. The adopted methodology is
quite flexible allowing the re-utilization of the VHDL-based
implementation in various hardware prototyping platforms.
Moreover, the PHY-layer of our prototype can be easily ex-
panded to include future mobile WiMAX features or to apply
experimental PHY-layer concepts.

3. DEPLOYING THE MOBILE WIMAX
TRANSCEIVER

The PHY-layer of the real-time mobile WiMAX transceiver
features two transmit and two receive antennas and uses
matrix A encoding based on Alamouti’s Space Time Block
Coding (STBC) [8] on a per carrier basis. The baseband
signal processing architecture makes use of a wide channel
bandwidth (20 MHz) and targets a high-capacity, pipelined
FPGA-based architecture. The following sections will pro-
vide the design and implementation details of this sys-
tem. Figure 2 is depicting the general architecture of the
transceiver, containing as well various system-features and
specifications (channel coding was not implemented).

3.1 The baseband part of the transmitter

The majority of the signal processing blocks found in the
baseband part of the transmitter are responsible for format-
ting the OFDM symbols according to the mobile WiMAX
standard. The 2x2 MIMO configuration uses only the Par-
tial Usage of Sucbarriers (PUSC) permutation scheme, based
on the following operations:

e Subchannelization: the subchannels are created by dis-
tributing adjacent groups of QPSK symbols between two
consecutive OFDM symbols, in an interleaved fashion,
until both symbols are filled up. This process is repeated
to construct the whole OFDM frame.

e Permutation: logical structures of adjacent subcarriers,
named clusters, are created by scrambling the outputs of
the STBC processing component. Additionally, the sub-
channels are grouped in larger structures, namely Major
Groups (MG). The mobile WiMAX standard defines the
following permutation formula for the PUSC-structured
OFDM symbols:

ser(k, 8) = Nsch - ni + permbase[(s + ng )modNscr], (1)

where scr is the index of the subcarrier within the OFDM
symbol, ny = (k + 13s)mod24, Ngyber is the number of
subchannels within the MG, permbase is a predefined
subchannel permutation mask, s is the subchannel index
within the MG, and k is the subcarrier index within the
subchannel.

e Clustering: the previously created clusters are permuted
according to a predefined renumbering sequence (i.e., in-
terchanging of adjacent subcarrier groups).

e Pilot/DC/quard-band insertion: two pilot subcarriers are
inserted to each cluster in given positions that depend
on the parity of the OFDM symbol’s index. The DC
is inserted in the position 1024 of each OFDM symbol.
Finally, two fixed-length sets of null-carriers are inserted
in the beginning and in the end of each OFDM symbol.

e Weighting: an additional subcarrier-randomization is
applied (i.e., some subcarriers will be inverted), using
a PRBS generator, that homogenises the transmitted
power distribution.

The STBC is an important processing component of the
transmitter since it allocates the carriers for each transmit
antenna according to the matrix A configuration specified in
the mobile WiMAX standard, as follows:

_ | Sy —Skn
a= o, T80 ®
where Si, ..., Sn is the single complex-symbol stream at the

output of the subchannelization block; the columns represent
consecutive OFDM symbols (i.e., time) and the rows repre-
sent the different transmit antennas (i.e., spatial streams).

3.1.1 Digital to Analogue Conversion (DAC)

In order to produce the global synthesized IF (i.e., 67.2 MHz)
and take the maximum advantage of the filters contained in
the DAC devices of the FPGA board, it was selected to ap-
ply a x2 interpolation in the FPGA and a x8 interpolation in
each dual DAC device. The interpolation filter strategy was
a significant design, implementation and system-integration
decision, which in fact has to be carefully considered every
time a designer of MIMO-OFDM transmitters intends to in-
terface the baseband design with a DAC device (i.e., inter-
polation is an excessively processing-consuming operation).

3.2 Received signal model

The WiMAX signal is frame-based (i.e., user data is en-
capsulated within frames). Silence periods are inserted be-
tween the frames during which, the receiver is continuously
monitoring the incoming signal in order to detect the be-
ginning of the following frame. In a real-world MIMO-
OFDM testbed like GEDOMIS®, the system designer should
provide mechanisms to compensate the received RF signal-
impairments that stem from the performance characteristics
of the testbed’s equipment (e.g., channel emulator, RF front-
end, baseband signal processing boards). The performance
of the system can be dramatically degraded if the received
subcarriers lose their orthogonality. Therefore, it is vital to
determine and remove the signal-impairments before making
the symbol decisions.
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In the present signal model, certain negligible signal-
impairments have been ignored due to the advanced
performance-features of the equipment composing the
GEDOMIS® testbed (e.g., in-phase and quadrature (I/Q)
gain and phase imbalances, inaccuracy between the hard-
ware clocks in respect to the ideal sampling frequency, local
oscillator (LO) drifts, random phase noise due to LO in-
stability). Thus, the resulting received signal model at the
output of the RF down-converters at the ith receive antenna
can be expressed as:

ci(t) = R{za(t) - ITFFADY Lo () + A +
+Bi - cos2A(frr + Af)t + @i), 3)

where z;(¢) represents the useful part of the received base-
band signal, frr is the Intermediate Frequency (IF), Af is
the Carrier Frequency Offset (CFO), w;(t) is the Gaussian
noise, A; is the Direct Current (DC) level introduced by
the baseband board chassis, and finally, B; - cos(2II(frr +
Af)t+ ;) represents the unwanted residual carrier, located
at the center of the useful signal-spectrum (i.e., introduced
by the LO coupling at the transmitter). The useful part of
the received baseband signal at the ith receive antenna can
be expressed as follows:

_fj ) % Ho ) (1), (4)

where Z;(t) is the equivalent baseband signal transmitted
from the jth transmit antenna, with nr being the number
of assumed transmit antennas, and H; ;(t) is the equivalent
baseband of the time impulse response of the channel be-
tween the jth transmit antenna and the ith receive antenna.

3.3 The baseband processing blocks of the receiver

Before starting describing the MIMO-OFDM mobile
WiIiMAX receiver, we find it useful to shortly reference its
SISO counterpart. The implementation and computational
complexity is significantly reduced in the SISO receiver.
However, the MIMO receiver features only the PUSC per-
mutation scheme, whereas the SISO architecture is imple-
menting both the PUSC and the Adaptive Modulation and
Coding (AMC) permutation schemes. The AMC is required
to develop closed MIMO schemes.

3.3.1 RF front-end, analogue to digital conversion (ADC)
and automatic gain control (AGC)

The RF front-end at the receiver is applying low-noise am-
plification, down-conversion from RF to IF (i.e., in our case
centred at frr = 156.8 MHz) and suppression of out-of-band
unwanted signals such as noise and spurs. The A/D convert-
ers apply under-sampling featuring an ADC sampling rate of
fs = 89.6 MHz. Therefore, after the ADC, one of the aliases
of the discrete signal will be located at 22.4 MHz, which is
the sampling frequency at the baseband receiver as described
by the WiMAX standard.

The AGC component is interfacing and adjusting the
signal power level between the digital and the analogue do-
main. In more detail, a digitally-controlled analogue circuit,
namely the Programmable Gain Amplifier (PGA), adjusts
the power of the received IF signal, whereas a dedicated al-
gorithm implemented in the digital domain decides the gain
value to be applied in the PGA. The correct operation of
the AGC is a decisive factor for the overall performance of a
mobile receiver. Frame-based OFDM systems like WiMAX
ones are prone to high Peak-to-Average Power Ratio (PAPR)
a fact that imposes the use of a back-off safety margin.

The AGC algorithm is based on a signal peak-detector
that operates in a per-frame basis and by this provides a
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Figure 2: Overview of the MIMO transceiver architecture.

baseline trade-off between implementation complexity and
efficiency. The inter-frame silence period is used to calculate
and apply the new PGA gain (i.e., taking into account the
peak value of the previous data frame). The PGA used in
our receiver has 16 gain steps (i.e., 1.5 dB gain corrections).
The gain-adjustment AG, is calculated as follows:

2
UFS

AG =10 - logio—5**+ 3 dB =10 - logiog dB, (5)
VP

where vrs is the digital full scale of the quantizer in the
ADC, vpnm accounts for the back-off safety margin, and
vh = max |c;[n]|?, with c;[n] representing the samples at
the output of the ADC during the previous frame.

3.3.2 Digital down converter (DDC)

The DDC comprises the Direct Digital Synthesizer (DDS)
component which translates any frequency band within the
analogue bandwidth of the ADCs down to baseband, a com-
plex Finite Impulse Response (FIR) low-pass filter responsi-
ble for eliminating the out-of-band components and an out-
put decimator and formatter, which is keeping one out of ev-
ery 4 samples, delivering the complex representation of the
digitalized signal (i.e., I/Q, components). The DC level in-
troduced by the baseband processing boards is transformed
to a synchronization-altering sinusoid, which is eliminated in
the digital filtering stage.

The output frequency of the DDS, fpps, is controlled
by the phase increment, Af, as follows:

fs - A0
2Bo(n)

Hz, (6)

where f, is the ADC sampling rate (89.6 MHz) and By, is
the resolution in bits of the internal accumulator used in the
DDS (32 bits in our case). On power-up the fpps is tuned
at 22.4 MHz and then is constantly updated in real-time to
compensate the effects of the CFO:

fpps =

fDDS = 22.4+Af MHZ, (7)

A f represents the CFO that is defined in terms of the sepa-
ration between adjacent subcarriers:

22.4 -10°

Af =a—g (8)

where « is the CFO normalized with respect to the intercar-
rier separation (i.e., in practice the CFO will not be higher
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than one half of the intercarrier separation, o € [—0.5,0.5]),

22.4 MHz is the sampling frequency and 2048 is the FFT size.

Combining (6), (7) and (8) the phase increment is given by:
224, 2%

_ 530 ol9
5048) R96 2 T2 ©)

3.8.8 Synchronization, CFO estimation and correction

A= (224 + -

Each frame in our system is composed by 46 OFDM data-
symbols, each one of which contains 2560 samples. The sym-
bol detection is required to properly locate the FFT window
of the samples corresponding at each OFDM symbol. This is
feasible with the inclusion of a CP at the beginning of each
OFDM symbol. In this paper, we have considered chan-
nels with a maximum delay spread of 2510 ns, where only
455 out of the 512 samples in the CP can be used for the
timing synchronization (i.e., the remaining 57 samples are
discarded to avoid unreliable operation of the FFT window-
locator). The synchronization implementation is based on
a sliding window of 20484455 samples, allowing the calcu-
lation of the cross-correlation of two groups of 455 samples
(having a separation of 2048 samples). In order to reduce the
implementation complexity of this operation, the following
simplification was applied:

s ldnfn)p?
Ir[nll” = dsO[n] - dsl[n]’ (10)
where:
dnln] + 30" si[n + 455] - si[n + 2048 + 455]
if n< 455
dn[n+1] = < dn[n] —>"1"F sin] - si[n + 2048]

+ 30 s7[n + 455] - si[n + 2048 + 455]
if n>455,

(11)
where s;[n] is the equivalent complex baseband signal at the
output of the DDC, sampled at 22.4 MHz, at the ith receive
antenna processing branch, ngr denotes the number of re-
ceive antennas and with dn[0] = 0. It should be noted that
ds0[n], ds1[n] are calculated in a similar manner. With this
optimization only four samples need to be introduced to the
already calculated correlation. A peak in |rs[n]|?, indicates
the detection of the symbol and thus the sample where the
CP starts, i.e., poscy = arg mazn|rs[n]|>. Additionally the
phase of the correlation (i.e., the numerator of |rs[n]|?), at
posep can be used to estimate the phase shift of the received
signal in the presence of CFO. Using the notation given
in (8), the phase shift between two signal samples delayed
by 2048 positions is equal to eJ'QHAftLg:2048 = /e,

22.41-10s
Therefore, the estimated CFO (constant «) is defined as:
1 1
a = g d(rsfposey]) = 5 £(dnlpose]), (12)

where a can be calculated using a Coordinate Rotation Dig-
ital Computer (CORDIC) algorithm. As already mentioned,
the estimated CFO is used to fine tune the DDS.

Our implementation accounted for another parasitic si-
nusoid, which, from the one hand, is due to the presence of
CFO drifts and on the other hand, due to the DC-level result-
ing from the digital mixing of the unwanted residual carrier
with a digitally generated sinusoid at the DDS component.
The presence of this sinusoid misguides the detection of the
correlation peak (i.e., erroneous detection during the silence
period, resulting in misplacement of the window of samples
forwarded to the FFT). Failure to prevent an erroneous sym-
bol detection may render the system unusable. Therefore,
when a correlation value above a predefined threshold is de-
tected, the shape of the correlation curve was used to deter-
mine whether the located peak is credible or not.

8.8.4 Pilot extraction and channel estimation

The channel estimation in our receiver is pilot-based. Let
Si[k] be the kth subcarrier in the OFDM symbol received
by the ith receive antenna after the FFT (ie., Si[k] =
FFT(si[n])), with k € [0..ny — 1], where ny represents the
number of subcarriers used to transmit user data and pi-
lot tones. The IEEE 802.16e standard defines the value,
Py = %, and location (i.e., frequency), px,;, of the pilot sub-
carriers for each transmit antenna 7, i.e., pg,; € [0..ny—1]. In
the PUSC permutation scheme that has been implemented,
out of the 2048 subcarriers available at each OFDM symbol,
1440 are used for data transmission and 240 for pilot tones
transmission, i.e., ny = 1679 (the remaining subcarriers are
utilized for the guard-bands and DC carrier). When np = 2
the PUSC permutation scheme distributes the pilot tones
for each antenna in two consecutive OFDM symbols; this
implies that the channel estimation will be applied in pairs
of consecutive OFDM symbols (i.e., the estimated channel
frequency response will be the same for both).

Each processing branch of the MIMO-enabled receiver
has to estimate the corresponding channels from all transmit
antennas. First, the channel frequency response at the pilot
tones, H; ;[pk,j], is estimated as follows:

~ S .
Hislpey) = S1Bral, (13)
3

where Si[pk,;] represents the kth pilot tone from the jth
transmit antenna after the FFT in the ith receive antenna
processing chain, with j € [1,2] in our case. Thus, H; j[pk,;]
is a discrete function calculating the channel frequency re-
sponse at the pilot tones between the ith receive antenna
and the jth transmit antenna. An interpolation of the pilot
positions is then required to estimate the channel at the fre-
quencies where data subcarriers were transmitted for each
transmit-receive antenna pair. A second order polynomial
interpolation has been selected, as it provides the best trade-
off between accuracy and implementation complexity (ac-
counting for the number of pilot tones in each OFDM sym-
bol and the channel specifications). Therefore, the channel
frequency response for the data subcarriers is calculated by:

- N H: - 1 H. . )
Hi ;K] =H,i ;[pe, ;] + i, [Pes,s] i, [Per ] N
Pea,j = Pey,j
Hi jPeg,jl—HijlPey,i]l
Deg,j—Peg,jl
Pes,j = Pey,j
(k= peyj) - (k= Doy i)

k _pcl,]')

Hi jPey jl—Hi j[Pey 4]
Peg,j —Pey,j

_|_

(14)

where p.,. ; represents the location of one of the three clos-
est pilot tones, originated from transmit antenna j, to S;[k],
respectively for each r € [1..3].

3.3.5 Matriz A space-time decoding

The Alamouti’s STC (matrix A) transmission scheme en-
codes data symbols, di, as described previously. In order
to decode and estimate the transmitted data symbols the
following operations are applied:

SPEH (K] - Silk, 200 + H;2[k] - S [k, 20, + 1]

dp[20,] = & d
#{20n] SR [Hia k][ + |Hio k]2

(15)

where O,, and O,, +1 represent the indexes of the two consec-

utive OFDM symbols. In the same clock cycle, (jk+1[20n+1]
is calculated in a similar manner to (15). Note that it is
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Figure 3: SISO configuration: system performance under
static channel conditions - BER-SNR curves.

assumed that the gain applied by the AGC to the incoming
sample-streams is equal for both receive antennas.

The following processing stages are related to the PUSC
permutation, clustering, channelization and mapping of the
data symbols, which enable the recovery of the originally
transmitted bit sequence.

4. EXPERIMENTAL RESULTS

Dedicated logic has been inserted at specific points of the
mobile WiIMAX receiver, for both SISO and MIMO system-
configurations, to allow the real-time data capturing and vi-
sualization, through vendor-specific tools and the Chipscope
Pro software from Xilinx. The IF signal was captured at
the outputs of the ADCs and used to calculate the received
Signal-to-Noise Ratio (SNR). The same signal-capture was
fed to the respective Matlab models of the receiver (both
SISO and MIMO), allowing us to quantify the implementa-
tion losses. The output of the QPSK demodulator was also
captured, enabling the calculation of the raw Bit Error Rate
(BER) (i.e., no channel coding was used). This performance
metric has been calculated in each case for a set of suitable
SNR values covering a wide range of signal reception condi-
tions (i.e., pre-defined white noise gain attenuation steps are
used to generate uncorrelated white noise signals, which are
added to each of the received signals). The real-time cap-
tures are covering several entire frames, allowing an averaged
calculation of the main performance metrics.

For the tested scenarios, the real-time channel emula-
tor was configured with static random channel models (i.e.,
no mobility is emulated), having the tap and delay spread
specifications of the ITU Vehicular A and the ITU Pedes-
trian B. The performance of the SISO transceiver is shown
in figure 3, while figure 4 presents the equivalent results for
the 2x2 MIMO configuration. As it can be observed, the
real-time implementation achieves nearly identical results
with the Matlab model, demonstrating the robustness and
high-precision of the fixed-point FPGA-based implementa-
tion. The absence of mobility in the experimental testing
(i.e., variation of the channel frequency response) is prevent-
ing the assessment of the diversity gains introduced by the
MIMO scheme; however, this is part of ongoing work.

5. CONCLUSION

This paper presented the design, implementation and val-
idation of a custom FPGA-based PHY-layer of a high-
performance real-time MIMO mobile WiMAX transceiver,
for both the SISO and 2x2 MIMO configurations. The latter
is featuring an Alamouti’s STBC-based scheme. The valida-
tion of the implementation has been successfully conducted
for static channel conditions using the GEDOMIS® testbed.
The PHY-layer specifications featuring a 20 MHz bandwidth,

10 12 14 16 18 20 10 12 14 1

6 18 20
mean received SNR per antenna (dB) mean received SNR per antenna (dB)

(a) ITU-T vehicular A-based (b) ITU-T pedestrian B-based

Figure 4: 2x2 MIMO configuration: system performance un-
der static channel conditions - BER-SNR curves.

have scaled up the implementation complexity, but can also
be considered an added-value to the whole undertaking. The
main contribution of the authors lies on the deployment and
validation of complex real-time wireless communication sys-
tems, over a flexible multi-antenna testbed in close-to real-
world conditions.
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