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Introduction Crest factor reduction (CFR) is a technique for reducing the peak-to-
average ratio (PAR) of an orthogonal frequency division multiplexing
(OFDM) waveform. An OFDM signal is made up in the frequency
domain as a set of orthogonal carriers that are each modulated by a
constellation symbol. The main disadvantage of OFDM modulation is
that the time domain representation approximates a Gaussian
distribution and therefore exhibits large envelope variations. Power
amplifiers usually only have a limited linear region, making it necessary
to back off the amplifier so that the transmit signal never drives the
amplifier into the non-linear region, which causes spectral regrowth and
inefficient amplifier power.

By reducing the PAR of the input signal, you can achieve greater power
efficiency from the amplifier or use a less expensive power amplifier with
a more limited linear region. The CFR module reduces the PAR of the
signal and ultimately reduces the overall basestation cost or power
requirements.

CFR is ideal for implementation on Altera® FPGA families such as
Stratix® III devices, where the capability for supporting high sampling
frequencies, high throughput and low latency are essential. This
document demonstrates a block-based constraint-driven design entry
point that makes it easy for system engineers to develop optimal
hardware that is scalable for a variety of operating scenarios.

The CFR reference design includes the following key features:

B Support for OFDM based systems, including Worldwide
Interoperability for Microwave Access (WiMAX) and 3GPP Long
Term Evolution (LTE)

B Support for additional functionality including orthogonal frequency

division multiple access (OFDMA) symbol modulation, digital up

conversion (4x interpolation) and cyclic prefix insertion

Programmable mask for any environment

Programmable error vector magnitude (EVM) budget

Support for 10 and 20 MHz channel bandwidth, and is easy to

modify for other channel bandwidths

m  Up to 5dB PAR improvement
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Figure 2 shows the operation of the polar clipping block. All samples
bounded by the unit circle scaled by Ay,x pass through the block
unchanged, and those outside of the unit circle are scaled back onto the
circle. Optimal operation of the CFR module requires that the value of
Apax is set accordingly.

Figure 2. Polar Clipping in the Complex Plane
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After clipping, the PAR of the signal is reduced, making it possible to
transmit the new signal. However, the polar clipping results in distortion
(and perhaps unrecoverable errors) in the constellation symbols. In
addition, the out of band spectral components can exceed the spectral
mask. Correcting distorted constellation symbols and constraining the
out of band spectral energy to the spectral mask requires further
processing.

To perform this additional processing, the time domain representation is
converted back into the frequency domain using a forward Fourier
transform. Each sample is analyzed. If the sample is associated with a
constellation symbol (that is, an inband sample), the sample is compared
with the perfect reference sample and corrected if necessary. If the sample
is in the outband region, its magnitude is constrained to the spectral
mask.

The purpose of the inband processor is to ensure that the overall EVM
does not exceed a specified limit. The EVM is defined as the square root
of the mean error power divided by the square of the maximum
constellation magnitude (Syax)-
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Table 1 shows S, values for WiMAX and LTE.

Table 1. Syx Values for WiMAX and LTE
Highest Order s
Modulation Scheme MAX
QPSK 1
16QAM F

10
64QAM %
42

Figure 3 shows how the Sy,x value is calculated for 64QAM.

Figure 3. Syax Calculation Example
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Despite the original algorithm [1] suggesting an optimal method for
achieving the target output EVM, the hardware resources and latency
required to implement such a large sorting network is not feasible.
Instead, you can use a reduced complexity technique that requires
minimal resources. Due to the statistical distribution of the errors
introduced by the polar clipping block, the output PAR of the reduced
complexity technique is almost identical to the output PAR of the original
algorithm.

If the calculated error (Ey) power for a sample does not exceed the
specified EVM threshold, simply output the clipped sample. If the error
power for a sample is greater than or equal to the square of the product of
the specified EVM threshold and S,;4x, output the reference signal plus a
small error signal. This error signal has magnitude EVM threshold
multiplied by S).4x and a phase that is equal to the phase of the original
error, namely:

j ZLE
EVMthreshold x SMAXX e

Figure 4 shows an example where the magnitude of the error between the
input sample and the reference sample is greater than the specified
threshold and the resulting output sample.

Figure 4. Inband Processor Example
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Finally, the corrected frequency domain representation of the symbol is
converted back into the time domain for transmission. A cyclic prefix is
applied to the stream before calling the digital predistortion and digital
up conversion blocks.
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Hardware
Architecture

This section summarizes the key processing blocks in the CFR design.

Zeropad

The zeropad block performs frequency domain interpolation. Figure 5
shows the interpolation is an operation that fills the input FFT frame with
Zeros.

Figure 5. Frequency Domain Interpolation
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In hardware, zero padding is implemented using a memory of size N/2.
Data presented to the block is written straight to memory. All control
logic in this block is controlled by the valid signal. The write address
generator is a modulo N/2 counter. For the first N/2 cycles, a read
address generator is also configured as a modulo N/2 counter. Data
samples are read straight out and passed on to the next block.

After N/2 cycles, zeros are passed to the output of the zero pad block
while the incoming data continues to write to the memory. A sequence
generator determines when sufficient zeros have been passed to the
output and configures a multiplexer to redirect samples from the memory
to the output. Figure 6 summarizes these actions.

Figure 6. Zeropad Block Diagram
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Fast Fourier Transform

The fast Fourier transform (FFT) blocks are based on the variable
streaming architecture [2] shared by the Altera FFT MegaCore function.
The variable streaming architecture uses a radix-22 single delay feedback
architecture, which is a fully pipelined architecture. The radix-2?
algorithm has the same multiplicative complexity of a fully pipelined
radix-4 architecture, however the butterfly unit retains a radix-2
architecture.

For details on the Altera FFT MegaCore function, refer to the FFT
MegaCore Function User Guide.

With CFR, restricting the natural bitgrowth allows for reduction in the
resource requirements. Mathematical analysis of the architecture shows
that the worst case bitgrowth for the algorithm is 2.5 bits per stage. For
example, for a 4K FFT with 6 stages, a 16 bit input results in 31 bits at the
output. Because the distribution of the input data and resulting output
data is known, the algorithm can determine the actual worst case
bitgrowth for OFDMA stimulus. When the internal bitgrowth has
reached this ceiling, you can restrict any further word length extension
through the arithmetic elements. The result is a savings in overall logic
and increased frequency of operation.

The second advantage of using variable streaming architecture is that you
can implement blocks that accept data in either natural or bit reversed
order. At the output of each FFT, the ordering scheme is the opposite of
the ordering scheme associated with the input. The disadvantages of
performing bit reversal at the input/output of the FFT are the 2N complex
words of memory and the latency penalty of N clock cycles. But with CFR,
you can cascade multiple FFTs to avoid performing bit reversal, assuming
the other algorithms are carefully designed to be compatible. Figure 7
shows this approach, which saves significant memory and reduces the
overall latency.

Figure 7. Natural and Bit Reversed Addressing
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The third advantage is that the size of the twiddle memory look up tables
is reduced by using symmetry and redundancy in the reference signal.
However, there is a trade off between memory and logic when the size of
the twiddle table is small; sometimes it is more efficient to store all values
rather than use redundancy because of the quantization of the memory in
the device.

Polar Clipping

The polar clipping block is achieved very easily in hardware, as shown by
Figure 8. This block takes advantage of the coordinate rotation digital
computer (CORDIC) algorithm [3][4]. CORDIC is an iterative algorithm
that performs complex and trigonometric operations. For example, in the
CFR design the CORDIC algorithm converts cartesian coordinates to
polar coordinates and vice versa. The CORDIC algorithm works well in
FPGA implementations because it can be fully unrolled.

A CORDIC block is used in vectoring mode to convert the cartesian input
to a magnitude / phase representation. The magnitude is compared with
and constrained to the A, x threshold. The modified magnitude value is
passed on with the original phase to a second CORDIC block that is
configured in rotation mode to convert the polar representation of the
number back into cartesian coordinates.

Figure 8. Polar Clipping Hardware Architecture

Avax ——p
>
Real R o R Real
—> > —»
. CORDIC CORDIC
Imaginary 0 0 Imaginary
—> > —

Unfortunately, the CORDIC algorithm introduces a scaling factor to the
magnitude and real/imaginary outputs. The diagram does not show the
constant coefficient multipliers that remove this effect.
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Inband and Outbhand Processors

The inband and outband processors require similar hardware resources.
Because each sample is classified as an inband sample or an outband
sample, the processing implementation uses shared hardware resources
and an appropriate network of multiplexers to achieve the processing in
the most efficient way possible.

Outband Processor

The outband processor is similar to the polar clipping block. Each
frequency sample in the out of band region is compared with the
magnitude of the spectral mask at that point. If the sample exceeds the
magnitude, the sample is reduced down to the threshold. Hence, the only
difference between the outband processor and the polar clipping block is
that the magnitude threshold is variable and implemented as a memory
that contains the spectral mask magnitude for each point. Figure 9 shows
the outband processor architecture.

Figure 9. Outband Processor Architecture
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The inband processor calculates the magnitude of the error between the
clipped signal and the clean reference signal. If this error is greater than
the EVM threshold times S,4x, the clean signal plus the maximum
tolerable error magnitude is passed to the output. Otherwise, the signal is
passed on unchanged. Figure 10 shows the inband processor architecture.
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Figure 10. Inband Processor Architecture
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Reference Block

The reference block is designed to synchronize the clean and clipped
signals so that the combined inband /outband processor works properly.
The latency associated with the clipped signal path passed to the
inband/outband processor is 2 x L x N clocks plus additional pipeline
delays. As a result, you need a FIFO that can store the clean reference
signal. In addition, this block generates the spectral mask that is used by
the inband /outband processor. Because the spectral mask is symmetrical
about L x N / 2, only half of the mask is stored and is automatically
reflected and repeated by the control logic.

To further reduce latency, increase the level of parallelism in the CFR
design. While rearchitecting the CFR design to process in parallel requires
more resources, the scalability, high density, and DSP and memory
capability of FPGAs make rearchitecting viable.

In most circumstances, parallelization of an algorithm requires that the
input samples are available in a parallel fashion. Usually you cannot
speed up the production of data from the upstream source, but in the case
of the CFR module, zero padding accelerates the production of the data
in the zeropad block. If you use the dual port memories in Altera devices,
you can output samples from the zero padding block at a rate of two
complex samples per clock cycle. If the entire signal chain can support the
processing of two samples per clock cycle, the total number of clock
cycles to perform the processing is halved, which in turn reduces the
latency by the same factor. A small latency penalty is incurred in the zero
padding block while waiting for N/2 samples to become available in the
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