Thresholding for Optimal Data Processing
in a Software Defined Radio Kernel

Michael L Dickens, Brian P Dunn, and J. Nicholas Laneman
Department of Electrical Engineering
275 Fitzpatrick Hall
Notre Dame, IN, USA
{mdickens, bdunn2, jnl} @nd.edu

Abstract— We discuss a developing software-defined
radio framework and Kkernel, Surfer, which, among
other changes compared with known current frame-
works, moves control of when to process a block and
how much data to process into the blocks themselves
via buffer thresholds. Varying threshold values shows a
trade-off between data processing latency and through-
put, with respect to overhead time. Processing and
overhead timing statistics are collected during runtime
and can be retrieved by a user’s constraint function in
order to allow for user-based optimal data processing.
A simple waveform example is included to demonstrate
system functionality as well as provide insights into the
latency-throughput tradeoff.

Index Terms—Software Defined Radio, Framework,
Signal Processing Time, Overhead Time, Optimal Sig-
nal Processing, Optimal Latency, Optimal Throughput,
Latency / Throughput Trade-off

I. INTRODUCTION

N the kernel of any software-defined radio (SDR)

implementation, no matter if processing data
streams or packets, time is spent both in perform-
ing overhead tasks and in processing data streams
or packets.  Assuming the traditional directed
acyclic graph data-flow signal-processing application
in which nodes and edges represent processing blocks
and dependencies, respectively, the primary responsi-
bilities of the SDR kernel include verifying that there
are no cycles in the graph, setting up and otherwise
handling data buffers for each block, and controlling
the flow of data through the graph. The controller
must determine a number of factors including when a
block is ready to be processed, how much data to pro-
cess, and where the data should be processed. These
factors can be determined a priori or during runtime,
and this paper investigates the runtime determination
of the first two factors.

The need for computing these factors motivates
consideration of how a centralized single-threaded
controller becomes a processing bottleneck, and how

this bottleneck can be mitigated by distributing these
computations into other areas of the SDR kernel.
The resulting SDR implementation becomes multi-
threaded and distributable, able to leverage emerg-
ing multi-core and many-core processor architec-
tures. We provide background for this discussion in
Section II. Our technique for spreading the controller
overhead load throughout the SDR kernel revolves
about (1) assigning a threshold value to each input
and output buffer; (2) separating blocks into paired
kernel-space and user-space classes, i.e., overhead
and signal processing tasks; (3) separating blocks
from block processing threads — which we call run-
ners; and (4) using a pool of runners, each possibly
assigned to a specific CPU or core. As this paper in-
vestigates an SDR kernel implementation, we gener-
ally use the term block to refer to the kernel-space
class.

As data is read from or written into each buffer, the
blocks using that buffer are independently responsi-
ble for keeping track of whether the buffer has met
its threshold, i.e., if the amount of data in the buffer
is above or below the threshold value, for input and
output buffers respectively. By assigning a threshold
value per buffer, the computations to determine when
a block has met all of its thresholds and is ready to be
processed, and how much data to process, becomes
an a priori decision. Further, because each block de-
termines whether or not it is ready to process inde-
pendently of every other block, the load for this over-
head factor is spread across all runners. By separat-
ing blocks from runners, and using a pool of runners,
multiple blocks can be processed as an interval on a
given runner, providing graph-theoretic optimal data
processing [1]. Further, each runner can execute on
any processor known to the kernel, allowing for the
possibility of heterogenous signal processing.

In order to demonstrate our approach, we have cre-
ated a new SDR framework and kernel, Surfer, a
high level overview of which is further described in
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Section III. The use of thresholds, whether assigned
statically a-priori or controlled dynamically during
runtime, allows for the possibility of signal process-
ing optimized for some specific constraint, e.g., min-
imum latency or maximum throughput, while still
maintaining a minimum quality of service, e.g., a
minimum sample rate. Throughout this paper, we
provide some example results of Surfer runtime statis-
tics collection, and discuss how those statistics can be
used for setting thresholds for optimal signal process-
ing. We summarize our work to date in Section IV,
and discuss the anticipated evolution of Surfer in
Section V.

II. BACKGROUND

Modern SDR frameworks, e.g., GNU Radio [2]
and JTRS [3], implement a user’s application by con-
necting a set of computation blocks together into a
directed acyclic graph. Each block performs a simple
computation, such as adding together element by ele-
ment two vectors of 32-bit integers. Chaining simple
blocks to form this graph allows for the creation of
simple or complex applications, e.g., an FM transmit-
ter, a repeater, or an HDTV receiver. Some frame-
works, e.g., JTRS’, generate each application indi-
rectly, via a markup language that defines the block,
connections, and other variables, while other frame-
works, e.g., GNU Radio, generate each application
directly using a standard application programming in-
terface (API) via a scripting or compiled language,
e.g., Python or C++. No matter how the application
is defined or programmed, a graph abstraction can be
created from it. Figure 1 provides an example graph
for the narrowband FM (NBFM) demodulator that
will be used as an example throughout this paper to
demonstrate system functionality as well as provide
insights into optimal data processing.

Given the graph, signal processing occurs as data
flows through the graph from source(s) to sink(s).
Each source retrieves data, e.g., from audio hardware,
a file, a TCP/IP socket, and places it into an out-
put buffer that is used solely by this source and any

blocks connected to it. The data generated by this
source is then read from this same buffer by each
block connected as an output to this source; the in-
put data is processed and the resulting generated data
written to this block’s output buffer(s). Once all of
these blocks have read the data, then the space the
data occupies is freed allowing more data to be writ-
ten by that source. In this manner, data flows through
the graph from block to block and eventually into the
sink(s) where data processing terminates, €.g., writing
the data to audio hardware, a file, a TCP/IP socket.
The graph can be viewed as a pipeline, with each
stage representing a particular block and the size of
the stage being the amount of data handled; the total
pipeline length is the end-to-end data-processing la-
tency. Hence, an important property of this data-flow
is how much data is processed by any specific block:
smaller processing amounts across all blocks result
in a shorter pipeline and lower latency while larger
amounts result in higher end-to-end latency.

Executing a graph using an SDR kernel results in
both overhead and data processing time. Overhead
time is spent on tasks including block creation and
deletion, verifying no graph cycles with the addi-
tion or removal of blocks, updating buffer variables,
e.g., offsets, pointers, checking for overflow or un-
derrun, when new data is written into a buffer or cur-
rent data is read from a buffer, and checking to see
when a given block is ready to be processed, i.e.,
when enough input data and free output buffer space
are simultaneously available. For the purposes of
feedback-control of processing conditions, overhead
time would ideally be independent of the time spent
performing signal processing and input and output
buffer sizes so-as to be able to remove it from con-
trol computations. That said, control can still be per-
formed if all timing statistics are known.

In some SDR kernels, e.g., the GNU Radio single-
threaded scheduler, most of the runtime overhead
tasks are handled by a centralized controller executing
in a single thread. The controller represents a neces-
sary component of any SDR kernel, its execution is
purely overhead time, and it often presents a process-
ing bottleneck: as the number of blocks grows, the
load on this single controller also grows, eventually
saturating the controller with tasks and introducing a
delay in handling any given task [4]. This type of
controller provides scalable performance as the num-
ber of blocks grows up to the saturation point. In or-
der to provide scalability beyond this point, the con-
troller functionality must be distributed across mul-



tiple threads; GNU Radio provides this functional-
ity via its thread per block scheduler, by giving each
thread / block with its own single-threaded scheduler.
Assigning a single thread for all blocks and a sin-
gle thread per block represent extremes on the con-
tinuum of block and thread allocation, with the for-
mer requiring the least system resources and the latter
the most. A resource-use compromise made on some
modern multi-threaded systems is to create a pool of
threads, and assign tasks for processing as needed and
as threads are available in the pool [5]; Surfer uses
this methodology with a pool of runners and blocks.

When a block is ready for processing, overhead
time must be spent determining how much input
data will be provided to the block and output data
generated by it. Assuming that overhead time is
roughly constant no matter how much data is pro-
cessed, then less data will generally result in lower
individual block input-to-output latency (seconds) but
also lower throughput (items / second), while more
data will generally result in higher latency but also
higher throughput. In real hardware resources are fi-
nite, hence increasing the amount of processed data
will eventually reach a saturation point, e.g., when the
processor reaches maximum utilization or the amount
of data no longer fits into local processor caches, at
which point throughput will decrease from its peak
and latency will increase significantly.

The overhead time spent determining the block
processing factors will vary with the total number
of block buffers as well as each block type. Thus
there will always be some trade-off between latency
and throughput with respect to the overhead time and
amount of data processed, and, given the correct run-
time information about these trade-offs, data process-
ing can be optimized in terms of processing time ver-
sus overhead time. In order to provide the end-user
access to optimizing this trade-off, as well as to inves-
tigate many other SDR implementation concepts, we
have developed a SDR kernel, Surfer, trying to com-
bine the best of current SDR kernels, as discussed in
the next section.

ITII. RELEVANT Surfer FUNCTIONALITY AND
MAIN RESULTS

Surfer is a nascent SDR kernel, with enough cur-
rent functionality to show off certain benefits includ-
ing the potential for optimal data processing. An
overview of specific parts of Surfer and some of its
application programming interfaces (APIs) is shown
in Figure 2, and suggesting some of the extensibil-
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Fig. 2. Overview of Surfer and some of its APIs

ity provided to the user: any API can be easily over-
loaded by the user via C++ inheritance. Hence the
user can experiment with a new scheduler, write dif-
ferent signal processing blocks, or even create new
runners for processing blocks. Surfer was designed
with certain goals in mind; those that are most rele-
vant to this paper are now discussed.

A. Minimal Background Requirements

Surfer is written in C++ and uses STDC++ for var-
ious functionality. The GNU Autotools are required
to configure and build Surfer, and the host operat-
ing system must provide a POSIX interface. Cer-
tain OS-based functionality, such as user-space con-
text switching and thread cpu affinity, are used when
available but otherwise ignored. For the purpose
of minimizing compile-time complexity, we separate
Surfer functionality into two primary components: an
OS compatibility layer and the Surfer kernel itself that
solely depends on the OS compatibility layer. This
separation of kernel from OS allows for much eas-
ier porting to other OSs and that Surfer-based appli-
cations can be made OS-independent, thus providing
significant application portability.

B. Runtime Statistics Collection

As part of the overhead in Surfer, each block has
built into it methods to calculate timing statistics for
both overhead tasks and data processing computa-
tions. The timing statistics are available to the user’s
application, and could be used to dynamically change
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Fig. 3. Timing of unoptimized quadrature demodulator, as per-
cent of the execution time spent as overhead, in Surfer executing
on an Apple MacBook Pro 2.6 GHz running Mac OS X 10.5 and
only standard background applications

threshold values to optimize data processing accord-
ing to various criteria. Currently, statistics collection
happens during runtime only, and only recent data
samples are used to compute the statistics. Know-
ing the threshold value, these statistics can be used
to compute average throughput per block or for the
graph as a whole.

Using Surfer to execute the NBFM decoder appli-
cation illustrated in Figure 1, we collected runtime
timing statistics using various threshold values from
50 to 4000 items (of input type complex <float>).
The timing statistics for the quadrature demodulator
block alone are plotted in Figure 3 as the average per-
cent of overhead time relative to the average total time
for processing at the given threshold; other blocks
provide similar statistics. Examination of the data
shows that at low threshold values overhead time is
actually greater than processing time, while at high
threshold values overhead time decreases to less than
5% of the total time. Thus, purely from the compu-
tational efficiency perspective, higher thresholds re-
sult in higher efficiency. Looking at the timing plot in
Figure 4, the overhead time remains essentially con-
stant for all threshold values. Combining this result
with the prior plot, the average processing time grows
almost linearly with threshold value.

C. Spreading of Overhead via Thresholds

In order to provide a compromise between system
resource use and performance, Surfer moves away
from the single-threaded centralized controller, push-
ing almost all of the decision functionality into blocks
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Fig. 4. Illustration of per-block overhead timing in Surfer ex-
ecuting on an Apple MacBook Pro 2.6 GHz running Mac OS X
10.5 and only standard background applications

via the use of thresholds. As a result, overhead time
is roughly constant for any given block and is pro-
portional to the number of blocks, as demonstrated
in Figure 4. There is no bottleneck in the decision
of processing factors, because these calculations are
spread across the whole pool of runners, effectively
creating a distributed controller and providing load-
balancing.

Each buffer is paired with a processing threshold
that determines when there is enough data in the
buffer for the block to which it is attached to be pro-
cessed. For input (output) buffers, once the amount of
data is above (below) the threshold, the paired block
is set as ready to process. Once all buffers attached
to a given block are ready to process, then the block
delivers itself to a subsystem for processing a thresh-
old’s worth of data. As depicted in Figure 5 for the
quadrature demodulator in our example, low thresh-
old values result in a low average latency but also low
throughput, while high threshold values result in high
latency. For this particular experiment, the through-
put saturates at only moderate threshold values. Cur-
rently, threshold values are set a-priori by the user’s
application.

Figure 5 presents a trade-off that will be found in
all SDRs: for a given throughput, assuming it can
be handled by the CPU handling processing, there is
a minimum latency, and hence a minimum threshold
value as used in Surfer, at which that throughput can
be achieved. For the case of our example, the through-
put and timing statistics for both individual blocks as
well as the whole graph are well represented by the
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Fig. 5. Latency versus throughput of an unoptimized quadrature
demodulator executing on an Apple MacBook Pro 2.6 GHz run-
ning Mac OS X 10.5 and only standard background applications

figures in this paper, and thus can be used in a rela-
tively simple fashion to provide optimal data process-
ing. That said, if the latency is not small enough for
the required throughput, or vice versa, then the given
processor cannot be used with the given blocks in
real-time for this application. In this case, options are
to upgrade to a faster processor or devise new block
implementations to provide higher throughput while
not significantly changing latency.

IV. CONCLUSIONS

We have developed initial functionality of Surfer,
an SDR framework and kernel that uses buffers
threshold values to control when a block is pro-
cessed and how much data to process, and decou-
ples blocks from processing threads. By moving
this control into the blocks themselves and process-
ing blocks using a pool of threads, overhead time is
spread among the thread pool, resulting in a more
balanced overhead processing load and eliminating
a potential bottleneck. By varying threshold values,
we have shown a trade-off between data process-
ing latency and throughput with respect to overhead
time. Surfer integrates processing and overhead tim-
ing runtime statistics collection, and makes these val-
ues available to the user to allow for optimal data
processing. We demonstrate the potential for user-
controlled threshold values via a simple waveform,
which demonstrates system functionality as well as
provide insights into the latency-throughput tradeoff.

V. FUTURE WORK

Although Surfer is still in early stages of develop-
ment, there are plenty of directions in which we will
be expanding it in the future. With each added fea-
ture, it is our goal to be enhancing the kernel’s func-
tionality while decreasing complexity for both end
users and developers. Some areas for expansion in-
clude:

« controlling thresholds via a monitor thread dy-

namically;

e providing both runtime scheduling and a-priori
elastic scheduling;

o compiling a user’s application into a static exe-
cutable;

« saving and loading of statistics, to allow for op-
timal a-priori scheduling;

« using thread cpu affinity and memory affinity;

e augmenting statistics collection to include data
transport latency;

e maximize use of a-priori known information
(connection data type and rate; graph connec-
tions) in order to provide ‘optimal’ SDR perfor-
mance according to a user’s constraint;

e constraining where a given block will be pro-
cessed via user-defined functions; and

e creating runners for a hybrid cpu / gpu SDR.
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