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This white paper describes how to design an efficient polyphase and non-polyphase
digital predistortion (DPD) feed-forward path solution with Altera® 28-nm FPGAs,
especially the Arria® V family of FPGAs. In addition, a resource usage and power
comparison between different architectures is provided to facilitate design tradeoffs.

The ever-increasing use of smart phones and devices is driving exponential growth in
mobile data traffic. As Figure 1 shows, mobile networks will soon approach 4000
petabytes per month.

Figure 1. Data Growth in Mobile Networking
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(1) Cisco Visual Networking Index: Global Mobile Data Traffic Forecast Update, Cisco, 9 February 2010

Because the current mobile infrastructure cannot keep pace with the growing
demand, basestation providers need to upgrade their digital front end (DFE) radio
equipment to support wider and wider RF bandwidths. In addition, increasing
pressure on operators to reduce operating expenses (OPEX) and the trend towards
green technology are driving the need for more power-efficient solutions in the DFE
radio head.
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Introduction

Altera’s Arria V FPGA family was specifically designed to address these power and
bandwidth requirements. These devices are based on TSMC’s 28-nm Low Power
(28LP) process and is designed to dramatically reduce overall power by lowering
static power as well as transceiver power. In addition, Altera realized that the
increasing RF bandwidth would require a move to a polyphase DPD architecture. As
shown in Table 1, Arria V FPGAs provide twice as many digital signal processing
(DSP) block resources than the closest competitor to give customers the flexibility to
convert their current designs to polyphase without having to move to larger FPGA
devices.

Table 1. Comparison of DSP Resources to Device Size

Arria V FPGA Competing Device

LEs 18x19 Multipliers LEs 18x25 Multipliers
75K 430

152K 792 160K 600
190K 1200

241K 1600

300K 1840 325K 840
361K 2090 355K 1440
420K 2184 410K 1540
495K 2278 480K 1920

A conventional single-chain DPD feed-forward path is sufficient when the sample
rate required to predistort a transmitted radio signal is less than the maximum clock
frequency (fyax) of the FPGA fabric. However, when the FPGA fabric speed
capability is unable to address the application’s targeted signal bandwidth, the so-
called polyphase DPD feed-forward path architecture becomes necessary.

The architecture of polyphase DPD feed-forward path is similar to a non-polyphase
path, but uses a wider datapath running at a lower rate. For example, if the
requirement is for twice the signal bandwidth, it is possible to either double the clock
rate of the FPGA or run a polyphase structure with a dual-chain architecture. A
typical configuration is a dual-chain architecture to support 491 MHz (2 x 245 MHz)
or 736 MHz (2 x 368 MHz), which supports an RF bandwidth in excess of 100 MHz.
Both polyphase and non-polyphase structures can be implemented using either a
lookup table (LUT)-based approach or a DSP direct-calculation-based approach.

This white paper focuses on the comparison between these polyphase and non-
polyphase DPD feed-forward path implementation approaches in terms of power,
resource utilization, and flexibility under different constraint scenarios. The
document assumes the use of a Voltera-series-based DPD approach, as it is the most
well known and widely used method. Nevertheless, the following analysis and
evaluation can be easily extended from the work outlined in the paper to any other
potential DPD models.
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Furthermore, this paper introduces a novel DSP direct-calculation-based architecture
for the feed-forward path of the DPD solution, which is capable of reducing
significantly the resource usage in comparison to the traditional approach as
described in the current literature [1,2,3,4]. This new architecture exploits the vast DSP
resources of Arria V FPGAs and addresses the high power consumption and resource
usage often associated with the DSP direct calculation, turning it into a feasible and
favorable solution for remote radio head (RRH) systems.

DPD Background

In the modern radio access networks (RANs), improving the power efficiency of the
system is increasingly important. This improved efficiency is driven by the trend
towards green technologies, as well as providing a reduction of operating expenses
occurred with service operators through lower cooling costs and power bills. Due to
the technical difficulties of designing high-power linear power amplifiers (PAs), DPD
techniques are often used to compensate for the non-linearity of PAs. The DPD
technology aims to increase the efficiency of the PA by enabling it to be operated in
the saturated region (non-linear region) without introducing unacceptable
performance degradation. The popularity of DPD technology is mainly derived by
the lower cost of implementation and flexibility in comparison to other methods such
as feed-forward. Because the bandwidth of a pre-distorted signal is much higher
(typically at least five times) than the transmitted signal bandwidth, one of the
greatest challenges in FPGA-based DPD implementation is to meet the increasingly
large bandwidths with the FPGA fabric’s limited speed performance, while keeping
the resource usage as low as possible.

A DPD solution includes three major areas: PA behavioral modeling, tuning the DPD
model parameters to fit the PA model, and implementation. Modeling the behavior of
the PA is the algorithmic basis of a DPD solution, the step of tuning the model
parameters can be regarded as the calibration/optimization of the mathematic model
for better matching the analog feature of the system, and the implementation of DPD
is to map the calibrated DPD algorithms into the real-time signal processing blocks in
the digital domain with hardware.

There are generally two main approaches to the behavioral modeling of a PA:
stochastic methods and analytical schemes. In this paper, all the discussions and
analysis are based on the analytical modeling approach, which is easier to
characterize than stochastic methods. This method uses a predetermined PA model to
characterize the PA behavior, while the model parameters are determined by a curve-
fitting exercise. The most well-known and widely used mathematical model is the
Voltera series model, which is capable of capturing the power and memory
characteristics of a PA. Other models that are less complex are the Wiener and
Hammerstein models [6,7].

Figure 2 shows an example of a typical RRH system, where the DPD split into a so-
called DPD feed-forward path module and a DPD coefficient calculation module. The
DPD feed-forward path pre-distorts the signal to compensate the nonlinear and
memory effects of the PA in advance using the coefficients derived from the tuning
stage performed in the coefficient calculation module.
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Figure 2. Example of DPD Architecture in RRH Application
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Typically, the sample rate required for the DPD feed-forward path is approximately
five to seven times the bandwidth of the transmitted signal. This means that, for a
60-MHz transmitted signal bandwidth, the DPD feed-forward path’s sample rate is
approximately 300 to 420 Msps.

As the radio signal bandwidth has been significantly increasing during the recent
years and is still expected to follow this trend in the future, the difficulty of
implementation of the feed-forward path becomes more and more evident in
hardware, because the sample rate eventually will exceed the FPGA fabric clock rate
limit. However, it is still possible to map the high sample-rate requirements of the
DPD feed-forward path to an FPGA device, where the clock is lower than the sample
rate, by using a polyphase approach. The polyphase technique has been employed in
many digital signal filter applications before, however, the cost and power of using
such an approach relative to a non-polyphase one is not yet well understood. In
addition, the DPD feed-forward path has more complex data dependency in
comparison to typical filter structures.

The basic idea of the polyphase approach is to split the incoming data samples into
multiple (in this case, dual) parallel signal processing chains. The data throughput,
and hence the fy5x, required to process the samples is much lower than a non-
polyphase approach. After the data have been functionally processed in parallel, the
multiple pre-distorted signal streams are recombined using the half-data-rate
serializer /deserializer (SERDES) blocks in the FPGA 1/0O blocks before being output
to the DAC.
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In the process of tuning the DPD model to match the PA, a least square approach is
usually used to evaluate the parameters of the analytical model. In this case, the
Voltera model is targeted, mainly because of its best linear unbiased estimation [8].
The PA characteristics are assumed to remain unchanged during one parameter’s
adaption period, when the DPD coefficient calculation module shown in Figure 2
performs the coefficient calculation. The fine-tuning is performed periodically, which
means that the DPD model is adaptive to any potential PA changes. This is achieved
by observing the output of the PA and adapting the DPD model to the observed
changes in PA behavior. In Figure 2, the feedback ADC interface (observation path)
captures the output of the PA, which is then fed into the tuning block as the DPD
coefficient calculation component. Since the computation/tuning of the coefficients in
the DPD analytical model is performed periodically, the selected data samples are
typically buffered before the subsequent calculations are performed. If a single
coefficient’s tuning block is unable to meet the timing and throughput requirement in
the observation path, similar parallel computational structures may be employed to
implement the required tuning calculations.

DPD Model in Detail

This section provides a more in-depth look at the DPD, including an overview of the
feed-forward path architecture and its implementation for targeting the Voltera series
model. The DPD operation is undertaken in baseband, and as shown in Figure 3, it
consists of two main parts: the feed-forward predistorter and the adaption module.
The predistorter models the inverse of PA behavior. When considering high sample
rates and increased computational complexity, a hardware-mapped implementation
of the predistorter is the only available option. The adaption block is responsible for
the estimation and update of the PA behavioral model parameters used in the
predistorter. The data captured from transmitter, x,, , and observation receiver, y,,, are
assumed to be aligned.

Figure 3. DPD Functional Block Diagram in Transmitter
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The Voltera series [9] is a well known and widely used method to model
nonlinearities in time-invariant systems with memory. It consists of a series
summation of linear convolutions, as shown in Equation 1:

Equation 1. Voltera Series

K M M a
XPD = Z z z akmlmz...mknxn—mq
k=0 m1:0 mK:O qzl

Where x/Pis the nth predistorter sample and a kmym,...m, 1S known as the Voltera
kernel. The previous model is computationally complex, hence an approximation of
Voltera—known as a polynomial model where all kernels except for m;,m,,...m; = m
are zeros—is used in this paper. Equation 2 shows a simplified predistorter with M/
memory depth and order of K:

Equation 2. Voltera Polynomial Model

K M
k
XII;D = Z Z akan—m‘Xn—m|
k=0 m=0

It is well known that only odd terms correspond to out-of-band distortions [9].
Therefore, in this case the summation over Kis a set of odd terms. The Voltera kernels
may be calculated by the least squares method, which is proven to give the best linear
unbiased estimation. Vsamples corresponding to the transmitted and observed data
captures are used for the purpose of estimating the Voltera kernels. The samples
should be empirically chosen to be sufficiently large to enable accurate estimation.
Once the kernels are estimated, they are used as coefficients in the predistorter block.

In order to efficiently implement the feed-forward path (predistorter) in hardware, the
Voltera series equation is rewritten to yield Equation 3:

Equation 3. Modified Polynomial Model

K

M

k

XIIIJD = Z Xn—m'[z akm‘Xn—m| J
m=0

k=0

M
= Z Xn—m 'h|Xn—m|

m=0

As seen in Equation 3, the feed-forward path can be interpreted as a filtering chain,
where the term of x,_ . is the incoming signal, which can normally be implemented
by a register delay line, while the second term, A(|x,,_ /), represents the coefficients
that are fed into the chain on every clock cycle based on the power level of the input
signal. An example of a filtering chain-like structure of the feed-forward path is k}

K,
illustrated in Figure 4, where /0, Al,.. hm represent the coefficients | }' a;,[x,
£=0

—]
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Figure 4. Feed-Forward Path Hardware
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In this paper, two ways of computing the coefficients 4(|x,_,|) are considered: LUTs
and direct DSP. In the LUT-based architecture, these values are pre-calculated and
stored in memory, whereas the DSP-based architecture uses the FPGA DSP block to
perform the calculation of the coefficient value by implementing the function.

Polyphase DPD Feed-Forward Path Architecture

As mentioned before, when the signal bandwidth is higher than the FPGA maximum
achieved clock frequency, a single processing DPD feed-forward path is not sufficient
to handle the streaming data throughput. In this case, a polyphase feed-forward path
structure should be used.

Figure 5 illustrates a high-level conceptual block diagram of a polyphase path DPD
feed-forward path. The incoming data are separated into two subsets, the even
samples and the odd samples, each of which is carried by one delay chain. Hence, the
throughput of each chain is halved compared to the single chain design. For example,
if the transmitted signal bandwidth is 60 MHz, the predistorted bandwidth is
approximately 300 MHz to 420 MHz, resulting in 300 Msps to 420 Msps of data
throughput and then requiring 150-Msps to 210-Msps processing capability in each of
the polyphase chains. Hence, this structure becomes friendly to the FPGA fyax. At the
end of the pre-distortion, the separated data streams will recombine together with the
aid of the SERDES in the FPGA. Identical processing results will be obtained but the
design only needs to run at half the frequency of the non-polyphase architecture at the
cost of paralleled operations, resulting in greater resource consumption. Hence it is
necessary to understand the implication on resource and power imposed by
introducing the polyphase DPD architecture.
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Polyphase DPD Feed-Forward Path Architecture

Figure 5. Polyphase Feed-Forward Path Structure
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In comparison to the non-polyphase DPD feed-forward path example shown in
Figure 4, an equivalent polyphase counterpart is illustrated in Figure 6, which
provides more detailed information on the conversion of the single-chain architecture
to a dual-chain architecture capable of achieving identical throughput performance.
Twice the number of multipliers are required to perform the multiplication between
the coefficients and pipelined streaming data. It is also observable that the number of
coefficients to feed into the dual-chain structure is doubled, resulting in potential cost
increase. Either the DSP-based method or the LUT-based method can be used to
generate the coefficients in the same fashion as the conventional non-polyphase
architecture. Since the coefficient is a function of the input signal power in Equation 3,
the coefficient generation must operate at the same frequency as the input signal
throughput. The only difference between the polyphase and non-polyphase
architecture is therefore the potential increase in resource usage and power as a result
of the additional resources imposed by the polyphase structure. The objective here is
to minimize the resource usage to create a cost-effective solution in an FPGA.
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Figure 6. Polyphase Feed-Forward Path Example
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LUT Solution

Y(0) = h0* x(0) + h1* x(-1) + h2* x(-2) + h3* (-2) + h4* x(-4)
Y(1) = h0* x(1) + h1* x(0) + h2* x(-1) + h3* x(-2) + h4*

Y(2) = h0* x(2) + h1* x(1) + h2* x(0) + h3* x(-1) + h4* x(-2)
Y(3) = h0* «(3) + h1* x(2) + h2* x(1) + h2* x(0) + h3* x(-1)

The LUT-based solution uses the input-signal power level to choose the coefficient
values, which are stored in pre-calculated LUTs. LUTs can be efficiently implemented
on an FPGA device by utilizing the built-in memory blocks, which are indexed by the
normalized power of the transmitted signal. The LUT contents are periodically
updated by an adaption step, which is referred as the tuning procedure mentioned
previously. The benefits of the LUT-based solution over its DSP-based counterpart
will be discussed in the subsequent section, but can be summarized as:

m Reduction of required multiplications and hence, the utilized multipliers
m Enhanced flexibility of run-time polynomial order programmability
m Low latency of coefficient generation

Coefficient generation for the filter chain is expressed in Equation 4, where K denotes
the maximum supported order of polynomials:

Equation 4. Coefficient Function

K

k
h(|Xn—m’) = z akm‘xn—m|
k=0
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Figure 7 provides a more detailed illustration of the LUT-based coefficient
implementation and its embodiment into the overall DPD feed-forward path. The
address generator utilizes the magnitude of the transmitted signal power level for
indexing the most appropriate coefficient values inside the LUTs. The same index
mapping is implemented for all the LUTs and, therefore, only one address generator is
required. The magnitude function can be efficiently implemented by the CORDIC
MegaCore® function from Altera.

Figure 7. LUT-Based Implementation of Predistorter Block
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Based on the aforementioned implementation, a polyphase LUT-based DPD can be
created by instantiating two parallel LUT structures. Since the coefficient indexing for
two adjacent memory taps is performed in the same way, the same LUT can be shared
between the polyphase paths. By exploiting the dual-port mode of the FPGA memory
blocks, this resource-sharing implementation results in no more memory utilization
than the polyphase single-phased LUT-based DPD. The address generator and the
magnitude calculation block are duplicated in order to satisfy the 2X increase in
system throughput. Figure 8 illustrates the polyphase feed-forward DPD path and
how the optimizations to the original LUT-based approach described previously are
reflected in this resource-sharing polyphase design. It can also be observed that one
extra delay stage for the first chain is required for the computation.
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Figure 8. Structure of Polyphase LUT-Based Predistorter
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DSP Solution

Despite the advantageous resource sharing exploited by the LUT-based DPD
approach, the FPGA memory resources are usually expensive and relatively scarce to
the extent that their utilization is likely to be the main resource bottleneck in a FPGA-
based RRH implementation. Therefore, a different implementation approach based on
DSPs is essential. Such an approach would provide extra design space and allow for a
more balanced utilization among the heterogeneous resources available on the FPGA
device.

In order to show how a DSP-based efficient solution can be designed to calculate the
coefficients, Equation 4 can be unrolled (Equation 5) to show its efficient nesting
approach:

Designing Polyphase DPD Solutions with 28-nm FPGAS January 2012  Altera Corporation
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Equation 5. DSP Efficient Coefficient Calculation

n

k
h(‘Xn_m’) = z akm’Xn—m‘
k=0

= (aO,m + ’Xn—m| ’ (al,m + |Xn—m| : (aZ,m + |Xn—m’) T (ak,m + |Xn—m’))))

This new expression of the coefficient equation uncovers a nesting approach of
calculating A(|x,_,|), which can be realized by introducing a multiply-add structure
as the basic processing unit, shown in Figure 9. This unit fits efficiently within the
variable-size DSP block in Altera’s Arria V or Stratix® V families of FPGAs, since the
built-in pre-adder and post-accumulator in the DSP block can absorb an addition
operation cascaded before or after the multiplication. Moreover, the variable DSP
block can be configured in different modes, enabling the computations of higher
fixed-point or even floating-point precisions.

Figure 9. Basic Operation Unit for Coefficient Calculation

More specifically, it is very common to consider only odd polynomial terms for the
coefficient calculation. This allows for a significant reduction of the computational
complexity, since the even terms correspond to out-of-band distortions, with the
exception of the zero order term. For example, the designer might consider applying
the polynomial order of {0, 1, 3, 5, 7} to the Voltera model, thus turning Equation 5 into
Equation 6:

Equation 6. Efficient Coefficient Direct Calculation Example

By ) =

= aO,m + ‘Xn—m’ : (al,m + ’Xn—m‘z ’ (33,m + ’Xn—m‘z ’ (HS,m + ‘Xn—m‘z ' (a7,m + ‘Xn—myz))))

3 5
aO,m + al,m|Xn—m| + a3,m|Xn—m| + c75,m|’\/n—m| + c77,m|Xn—m|

By utilizing the basic operation unit, an efficient hardware architecture can be
designed, as shown in Figure 10. The total number of instantiated DSP blocks can be
significantly reduced by feeding the path with the squared value of the signal power
level rather than with its first order. Otherwise, the designer can still use the
Equation 6 to calculate all the terms, although nearly half of them are zeros.

Figure 10. Example of Optimized Coefficient Calculation Using the Basic Unit
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In this particular example, five variable-precision DSP blocks of Altera Arria V or
Stratix V family of FPGA are required to calculate the coefficient. Integrating those
DSP-based coefficient computation blocks into the DPD feed-forward path, the high-
level view of the proposed implementation is shown in Figure 11, where each of the
DSP module represent one DSP function unit (exemplified in Figure 10) for the
purpose of calculating the coefficient.

Figure 11. DSP-Based Implementation of Predistorter

| X

Designing Polyphase DPD Solutions with 28-nm FPGAs

Xn

|k

A 4

Magnitude
CaIcuIannéV9 4+
Block 2 X .
K k Za .|Xn m+1 |
PP eI Far
=0 "~
DSP DSP

The DSP-based implementation offers an alternative design option of the DPD feed-
forward path, thus allowing for the extension of the possible design space and making
the implementation of an RRH application more feasible under a wider range of
resource constraints imposed by the targeted FPGA device.

For the polyphase DPD feed-forward solution, the duplication of the DSP chain
shown in Figure 12 will enable the calculation of twice the number of the coefficients
required by the polyphase DPD feed-forward path, as seen in Figure 6. Besides that,
one extra block calculating the power level of the streaming signal is also required for
the second chain, while one extra delay stage is necessary for the first chain to enable
the calculation of the second output chain.
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Power Comparison Between Different Architectures

Figure 12. Structure of Polyphase DSP-Based Predistorter
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Power Comparison Between Different Architectures
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As seen from the previous discussion, the option to use the LUT-based architecture or
DSP-based architecture is valid for both polyphase and non-polyphase scenarios, so
the designer can select either depending on constraints and metrics such as the
bandwidth, the polynomial depth, the number of memory terms, etc. It is assumed
that with the increasing bandwidths required in RRH systems, the adoption of
polyphase architecture will eventually become inevitable for the FPGA-based DPD
feed-forward path implementations. Therefore this section will discuss quantifying
the cost and power benefits of selecting either the LUT approach or the DSP direct
calculation approach under different scenarios.

One of important measures used to select between architectures is the power of the
architecture. Based on the comparison between the DSP-based feed-forward path
architecture and the LUT-based feed-forward path architecture, it is clearly seen that
the only difference between the two is how the coefficients are calculated in
Equation 4. In the LUT approach, any order of polynomial may be implemented using
the same LUT structure, whereas in the DSP approach, increasing the order of the
polynomial implemented results in an increase in the number of multipliers and
calculations that need to be performed. Therefore, there is a power break-even point
between these two different options as the order of polynomial increases. Figure 13

Designing Polyphase DPD Solutions with 28-nm FPGAs
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depicts the power consumption for six different approaches, and clearly shows that
the LUT-based solution has a fixed power regardless of the order of maximum
polynomial, or the number of terms, such as whether deploying odd terms only, while
the power consumption of the DSP-based solution is proportional to the maximum
polynomial order and also depends on the deployment of terms.

Figure 13. Power Comparison Between Different DPD Feed-Forward Path Architectures
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For the DSP approach, another important consideration is the precision required to
achieve the DPD performance. An analysis of the precision required is beyond the
scope of this paper, however it is obvious that the implication of selecting different
precisions-fixed-point (18 bits for either real or imaginary signals) or single-precision
floating-point architecture, with the full polynomial set or odd ones only-is that the
power consumption curve will have different gradients.

The break-even point of power between different configurations of DSP arrangements
and the LUT-based solution can be easily observed in Figure 13. Since the odd terms
only DPD are very likely to be employed in a real system, the break-even point I and
break-even point II denoted in Figure 13 are the most useful guidance when selecting
an architecture based on power. In this particular example, an 18-bit fixed-point DSP-
based architecture supporting odd terms only is better than the LUT-based one in
terms of power efficiency if the highest polynomial order specified is lower than 15,
while the equivalent structure using the single-precision floating-point shows an
advantage if the order is reduced to seven.
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More specifically, Table 2 shows the power consumption of different feed-forward
path architectures supporting two parallel transmitters. For all the DSP-based
approaches, it is assumed that only odd terms up to eleven and the zero-order term
are included. Note that the power difference among these options are to the same
scale. This is because that the dynamic power, which is proportional to the hardware
frequency, dominates the final power result: only half of the hardware clock speed is
required by the polyphase design compared to its non-polyphase counterpart, leading
to similar power consumption values, even though the resource of the polyphase
solution is nearly doubled.

Table 2. Power Comparison of Different DPD Feed-Forward Path Architectures

Architecture # of Instances Power (W) fyax (MHz)
Non-Polyphase Fixed-Point DSP 2 1.5 245.76
Non-Polyphase Floating-Point DSP 2 3.9 245.76
Non-Polyphase Fixed-Point LUT 2 1.3 245.76
Polyphase Fixed-Point DSP 2 2.0 122.88

2
2

Polyphase Floating-Point DSP 49 122.88
Polyphase Fixed-Point LUT 1.4 122.88

Resource Usage Comparison Between Different Architectures

Resource usage is one of the most important factors to be considered when evaluating
the different DPD feed-forward path architectures. Table 2 lists the resource
utilization of six different DPD feed-forward path architectures, and assumes that the
highest polynomial order is eleven and the polynomial equations only include odd
terms excepting the zero-order term. It also assumes that the LUT architecture uses a
LUT with 2048 entries, the DSP fixed-point architecture uses 18-bit fixed-point
numbers and the floating-point architecture is single precision. Table 3 shows that the
DSP architecture consumes more DSP blocks and less memory than the LUT
architecture.

Table 3. Resource Estimate for Different DPD Feed-Forward Path Architectures

. Distributed
Logic DSP Block Memory
Resource Estimates for DPD Feed- Memory
Forward Path 2 1§x1_8 Memory
ALUTs LEs Mult;pller ALUTs M9K M20K
Fixed-Point DSP 2200 2400 114 170 5
Forward Path Floating-Point DSP_| 46800 | 83400 225 320 10
Non-Polyphase
LUT 4300 4300 20 320 109 52
Fixed-Point DSP 4400 4800 226 340 10
Forward Path - -
Polyphase Floating-Point DSP 48100 84700 450 340 10
LUT 5900 5900 21 340 109 52
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In considering the DSP-based approach, it can also be seen that the polyphase DSP-
based solution uses approximately twice the number of the DSP blocks than the non-
polyphase architecture. The additional resources used by the polyphase approach are
mainly consumed by a duplicate set of coefficient calculations, while the incremental
memory is imposed by the second CORDIC component used for magnitude
computation but the overall undertaken memory resource is still small. The floating-
point implementation is very expensive in terms of logic, so it may not be the
appropriate option if the design is very cost sensitive. However, the floating-point
solution will enable better precision and higher dynamic range for a better DPD
predistortion performance, and is likely to be required to meet the performance
requirements for DPD.

In considering the LUT-based approach, it can be seen that relatively few DSP blocks
are used, but the memory resource usage is relatively high. Importantly, it is noted
that the resource difference between polyphase- and non-polyphase-based LUT
architectures is small, which means twice the system throughput can be obtained
easily with only a modest incremental cost.

In analyzing the data, the following observations can be made. The floating-point DSP
solution has the highest resource utilization. Depending on the multiplier and
memory usage in the remainder of the design, the DSP- or LUT-based solution can be
employed.

When applying a polyphase structure, the LUT-based architecture requires only a
small increase in resource usage relative to the non-polyphase LUT-based approach.
This is because the LUT-based architecture does not require an increase in the amount
of memory when supporting the polyphase approach, because the same memory can
be used for both delay chains with a dual-port FPGA memory block. A modest
increase in logic usage is due to the additional delay chain in the polyphase approach
and a second CORDIC core. Hence, based on FPGA resource utilization, a LUT
structure is the preferred architecture for a polyphase approach.

To put these observations into context, Table 4 compares two available FPGA devices
with the estimated resource usage for a 2x2 RRH including DPD, as well as other
required functions such as crest-factor reduction (CFR) and digital up- and down-
conversion. A 300K-LE Altera device and a competing 325K-LE device are considered.

Table 4. Arria V FPGAs vs. Competing Devices

Logic DSP Polyoh
. I Distributed Block yphase
Architecture | Resource Utilization LEs 18x18 Memory Memory FSuppI:iIrt,
Multipliers easible:
Resources Required 145000 588 19200 775
5v)|(t2h FE'D'?_ Arria V FPGA (AGXBY) | 48% 3% 1% 55% Yes
Based DPD . . 0 0 o 0 No, insufficient
Competing Device 45% 70% 1% 174% (eSOUICES
With Fixed- Resources Required 413900 793 19100 630
Point DSP- | Arria V FPGA (5AGXB1) 48% 43% 1% 45% Yes
Based DPD  "Gompeting Device 44% 94% 0% 142% No
With Resources Required 223800 1017 19100 629
Floating-  I"arria \/ FPGA (5AGXB1) 74% 55% 1% 45% Yes
Point-Based
DPD Competing Device 69% 121% 0% 141% No
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Conclusion

Conclusion

In order to meet the increasing bandwidth requirements for future radio system
architectures, a polyphase architecture for the DPD feed-forward path is required.
This paper introduces DPD fundamentals and shows how to develop a efficient DPD
feed-forward path either by the DSP-based architecture or the LUT-based
architecture, and introduced a novel direct DSP calculation method that enables the,
the DSP-based feed-forward path to be easily realized by the variable-size DSP blocks
on Altera FPGA devices. Furthermore, the power and cost of different architectures
has been provided and design guidance for selecting architectures for various
conditions. This guidance can be summarized as the following:

Polyphase DPD implementation can be effectively utilized where the required
signal bandwidth exceeds the maximum clock rate of the FPGA implementing the
radio DFE circuit. A typical configuration is a dual-chain architecture to support
491 MHz (2 x 245 MHz) or 736 MHz (2 x 368 MHz), which would support an RF
bandwidth in excess of 100 MHz.

In general, polyphase-based architectures have higher resource usage than
equivalent non-polyphase designs. Depending on the resource (memory,
multipliers, or logic), a polyphase architecture uses 1.0 to 1.35 times the
requirements of a non-polyphase design. The additional resource requirement for
a polyphase DSP-based approach is more significant, with nearly twice the DSP
multipliers necessary. Altera supports these requirements by offering multiplier-
rich FPGAs, optimized for radio applications

The power consumption of the polyphase architectures is only marginally higher
than the equivalent non-polyphase architecture. Although additional resources are
required, their clock rate is half that of an equivalent non-polyphase design,
resulting in lower dynamic power consumption.

Overall, when considering whether a LUT-based approach or a DSP-based
approach is the most appropriate for a design, multiple factors need to be
considered, including the maximum order of polynomial to use, the DPD
performance requirements, and the relative cost and power tradeoffs.

In a typical system where RF bandwidths of greater than 60 MHz are being
considered and an 11th-order polynomial is used, the polyphase LUT approach is
the preferable option because it provides an architecture that will scale to higher
bandwidths and is only marginally higher in power and resource consumption.
The non-polyphase DSP direct-calculation-based architecture is similar in cost
relative to the non-polyphase LUT-based architecture.

Regardless of which polyphase approach is taken, Altera has the resources to meet
that need.
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