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Abstract

- A" multi-function phased array radar must search
and track suspicious targets in its surveillance space
in-a real-time fashion. This paper targets one of the
. most important issues in the design of modern phased
- -array radars: real-time dwell scheduling. We propose a
rate-based approach to schedule radar dwells in a real-
time fashion. We show how to reserve radar resources
to gudrantee the minimum radar operation without sac-
" rificing the stability of the system. The strength of our
approach is verified by a series of simulation experi-

ments based a real phased array mdar for air defense‘f" '

frigates [8]

1 Introduction

A multi-function phased array radar must search
and track suspicious targets in its surveillance space
in a real-time fashion. There are two major mod-
ules in a phased array radar: Radar Control Computer
(RCC) and Signal Processor. (SP). RCC is responsible
to scheduling radar beam transmissions for searching
and tracking based on targets’ status and search types.
SP must process returned signals in a real-time fashion.
With the advance of software and hardware technology,
a modern phased array radar is no longer a compli-
cated hardware system with everything wired. Instead,
engineers are now building phased array radars with
commercial-off-the-shelf (COTS) components, and the
functions of many hardware components are now re-
implemented by software modules {5].

Many existing (or even advanced) phased array
radar systems still adopt inefficient non-real-time re-
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Figure 1: The hardware architecture of a component-

" oriented phased array radar

source scheduling mechanisms, such as those based on
FIFO-like, simple priroity-driven, or cyclic-executive-
like scheduling algorithms [2]. The common reason
in doing so is mainly because of hardware constraints.
As a result, much resource is wasted with a very lim-
ited guarantee on system performance. Although re-
searchers and engineers have started exploring real-
time dwell scheduling at RCC, the proposed algorithms
are mainly variations of the Partial Template algo-
rithm. The major drawback of existing work on the
Partial Template algorithm is on their restriction in re-
source utilization. Various inefficient scheduling mech-
anisms or data structures such as FIFO queues were
adopted such that the deadlines of critical tasks are
difficult to guarantee, due to lengthy priority inver-
sion time, where priority inversion is a phenomenon
in which a higher-priority task is blocked by a lower-
priority task because of resource synchronization. The
situation is further worsen by the highly dynamic na-
ture of radar workloads. In order to guarantee the



minimum radar operation and to maximize the radar
performance, engineers usually use a large number of
radar resources (including computing power) which
may not be needed under proper real-time schedul-
ing algorithms to accomplish their performance goals.
This observation underlines the motivation of this re-
search. The system architecture under investigation is
as shown in Figure 1.

Rate-based scheduling has been an active research
topic in the past few years for real-time resource
allocation. Researchers proposed various rate-based
scheduling algorithms for periodic and sporadic pro-
cesses based on the notion of General Processor Sharing
(GPS) [1, 12, 17, 24, 28, 29, 30]. The idea of GPS-based
scheduling is very different from common disciplines
such as priority-driven scheduling [3, 19, 20, 27] and
time-driven scheduling [9]. The GPS-based schedul-
ing is a work-conserving scheduling mechanism. The
schedulability of each process in GPS-based systems is
guaranteed with an assigned CPU service rate, inde-
pendent of the demands of other processes. The en-
forcement of a guaranteed CPU service rate for a pro-
cess must rely on certain admission control mechanism
to manage the total workload of the system [25].

This paper targets an essential issue for the de-
sign of modern phase array radars, i.e., real-time dwell
scheduling. Two important issues in real-time dwell
scheduling are addressed: (1) the minimum operation
guarantee of phase array radars, and (2) the system ca-
pacity estimation. We propose a rate-based approach
to guarantee the minimum operation of a phased ar-
ray radar and show that our approach can effectively
schedule radar tasks with a good radar resource uti-
lization. Our methodology is verified by a series of
experiments based on a phased array radar for air de-
fense frigates (8], for which we have very encouraging
results. We show that real-time technology does im-
prove radar performance significantly. In particular,
our proposed approach can greatly improve the perfor-
mance of a phased array radar by tracking over 116%
more targets than the traditional dwell scheduling ap-
proaches and, at the same time, improve missile track-
ing by over 40%, compared to that under traditional
ones.

The rest of this paper is as follows: Section 2
presents our rate-based approach in real-time dwell
scheduling and our methodology in resource reserva-
tion. In Section 3, a series of simulation experiments
were done based on a real example system. Section 4
is the conclusion.
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2 Real-Time Dwell Scheduling
2.1 Objectives

In a typical phased array radar, RCC schedules tasks
in a real-time fashion by sending SP radar beam com-
mands; SP then controls the electronic Beam Steer-
ing Controller (BSC) and the Transmitter to transmit
microwave through Antenna. RCC schedules tasks in
units called scheduling interval (SI) (2, 7, 10]. RCC
sends a sequence of commands to SP for dwell trans-
missions in the beginning of a SI and retrieves results
from SP as well, as shown in Figure 1.

In this paper, we propose a rate-based approach
in the guarantee of the minimum system operation
and demonstrate the capability of real-time schedul-
ing technology, especially on rate-based scheduling, in
improving the performance of a modern phased array
radar. Two important issues in real-time dwell schedul-
ing are addressed: (1) the minimum operation guaran-
tee of phase array radars, and (2) the system capacity
estimation.

2.2 Radar-Resource Reservation Method-
ology

We first define a reservation ratio #; for each task un-
der the minimum operation requirements. In the next
section, we shall propose an efficient scheduling algo-
rithm called Batch-TC for dwell scheduling at RCC.
The minimum operation requirements of a phased ar-
ray radar might consist of a collection of High-Priority
and Low-Priority Search tasks and a minimum num-
ber of targets which the system must be able to track
simultaneously.

Let I = {rhs,7hs - " THs} be a collection of
High-Priority Search tasks necessary for the minimum
operation of the system (e.g., for Horizon Search or
Long Range Search). Note that Low-Priority Search
tasks are often done by a best effort. The reservation
ratio 8% ¢ of each High-Priority Search task 7§ is set
as

BiisChs

where B},S, C}{S, and P},S are the number of beams,
dwell length, and period of T g, respectively. In each
jen period Pl of Thg, Thg initiates Bi ¢ instances,
where each instance (i.e., a beam transmission and pro-
cessing) has a dwell length Cl; 5. In each j, period
P} ¢ of a Low-Priority Search task 7ig, 7} initiates
Bj ¢ instances, where each instance has a dwell length
C} . Low-Priority Search tasks do not have a reserva-



tion ratio because they only utilize unused dwell time
in each SI.

Because the tracking of an identified target starts
with a Confirmation Track, a sequence of Normal Track
dwells, and possibly a sequence of Precision Track
dwells, the reservation ratio of each tracked target is
defined as

Crc Cnr Cpr
Drc’ (Pfr — DInt)’ (P — DTpr)

},

max{

where Cr¢ and Drc are the dwell length and rel-
ative deadline of a Track Confirmation, respectively,

» ) and CNT: DTNT, and -PII\;T (/CPT, DTPT, and P};T)

are the dwell length, the dormant time, and the lower
bound of the period of a Normal Track (/Precision
Track), respectively. The dormant time is to leave
enough slack for the RCC scheduler to schedule dwells
in the next SI. In fact, Normal and (High) Preci-
sion Track dwells are all semi-periodic tasks, where
semi-periodic means “periodic” but with dynamically
changing periods. The reason for tracking being semi-
periodic is because the distance between every two con-
secutive tracking executions for a target depends on
many factors, such as target type, target position, tar-
get speed, etc. Note that after a number of Normal
Track instances, the track task 73 might either stop
(because no tracking is needed any more) or become a
- - Precision Track task (because a higher tra.ckmg preci-
. sion is needed).

. A High Precision Track task, such as that for missile
- guidance, is also semi-periodic and issues one beam per
period. The reservation ratio of a High Precision Track
~ task is defined as

CHPT’ n
(Pigpr — DTypr)’

where Cypr, DTgpr, and P§pr are the dwell length,
the dormant time, and the lower bound of the period
of a High Precision Track, respectively. The above set-

tings of reservation ratios -consider the worst-case re-

source reservatlon

2.3 - Real-Time Dwell Scheduling Method-

ology - the Batch-TC Algorithm

Consider ‘a task 7; with a reservation ratio 6,.
Each job of the task is given a wvirtual deadline for
EDF scheduling, where EDF is a well-known real-time
scheduling algorithm, and EDF schedules the job with
the most urgent deadline first [19]. The Batch-TC al-
* gorithm is a batch version of the TB-server (and CUS)
_ scheduling algorithm [25], where dwell scheduling is
done every SI, and no preemption is allowed:
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Suppose that the j;, job of 7; arrives at time ¢, and
the virtual deadline of the (j — 1), job of 7; is d; ;1.
The virtual deadline d; ; of the j, job of 7; is defined
as follows: Suppose that the dwell length of the job is
Ci,j-

di,j = max{t, di,j_l} + %‘J'

By definition, d; o = 0. The request is inserted into
the ready queue of the system and scheduled by EDF
in the next SI. When there are multiple instances of a
task (such as search tasks) arriving at the same time,
their deadlines are set as above and all inserted into the
ready queue. Note that only dwells which can fit in one
SI are scheduled in the next SI, and the scheduling of
the rest will be delayed until the end of the next SI.

Example 1 A Batch-TC Schedule

Suppose that one High-Priority Search task two
High-Precision Track tasks, two Precision Track tasks,
and one Normal Track task arrive at the beginning of
the i;, SI, as shown in Figure 2. Let the High-Priority

- Search task 7xg issue 45 instances (For the simplicity

in the presentation of the Batch-TC algorithm, assume
that all instances of 7yg issued in previous SI’s were
processed).

- The timing constraints of all tasks are as shown
in Table 1. According to the definitions of the
reservation ratios, the reservation ratio of 7yg is
(BysCls)/Pis = (45 * 6ms)/1000ms) = 0.27. Let
the dormant time of every track task be one S, ie.,
25ms. The reservation ratio for each High-Precision
Track task is derived by the following formula:

CHPT _ 2ms
(P]{JIP.T - DTHPT) ~ 75ms

Let the dwell length Cr¢ and deadline Dr¢ of a Track
Confirmation be 6ms and 20SI, respectively. The
reservation ratio for each tracked target is derived by
the following formula:

= 0.02666

Crc CnT Cpr
Drc’ (Pip — DTnt)’ (PE; — DTpr)

ma.x{ ¥ =0.05333

The virtual deadlines of the first four instances of THS,
the two High-Precision Track tasks 7};pr and 73 pr,
the Precision Track task T};T, and the two Normal
Track tasks 74, and 7% are listed in Figure 2.

The tasks are sorted in the ready queue of the Batch-
TC scheduling algorithm and scheduled m the ¢ uh SI, as
shown in Flgure 2. Note that only THS, 4s, THS, Thoy

Thpr, and T g are scheduled in the i, SI. Most impor-

tantly, the execution of T4 g crosses the i itn and (1+1)sn
SI’s. In other words, because of the non-preemptibility



Tasks Number Dwell Period Reservation
of Dwells Length Ratio

High-Priority Search task 45 6ms 4051 0.27-

(rus)

High-Precision Track tasks 1 2ms (451,10SI) 0.02666

(Tipr and 7 p7)

Normal/Precision Track tasks 1 Cpr = 4ms | (451,1081) for 7pp and 75, |  0.05333

(thp, T37, and Th1) Cnt = dms (10S1,80S1) for 741

Table 1: Task parameters (15T = 25ms).

[ Tasks | Virtual Deadline ||

THS SI; 4 22.22
THs SI; + 44.44
Tirg SI; 4 66.66
Ths SI; + 88.88
THPT SI; + 75.018
TH pr SI; + 75.018
Thp SI; + 75.005
AT SI; + 75.005
TRT SI; + 75.005

Table 2: The virtual deadlines of tasks ready at the beginning of SI; (151 = 25ms).

EYA 7 NN P
6 6 6 4 2
Sk Ski+i
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Figure 2: A Batch-TC schedule

of dwells, RCC can not schedule any urgent dwell in the
beginning of the (i + 1), SI until 75 ¢ finishes. Such a
blocking phenomenon can be modeled by the blocking
due to the global resource synchronization. O

We can show that, given a set of radar tasks un-
der the minimum operation requirements, if their total
reservation ratio is no larger than (1—max;>1{B;/d;}),
then every radar task can issue the specified number of
beams before its deadline, where B; is the maximum
dwell length of all radar tasks, and J; is the shortest
relative deadline of all dwells.

Note that the reservation ratio for each tracking
task considers the worst-case radar resource utilization.
Due to different resource requirements of tracking tasks
at different stages, a single reservation ratio seems re-
strictive in the entire system utilization. The method-
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ology proposed in this paper can be easily extended to
let several tasks sharing a reservation ratio to maxi-
mize the system utilization and to guarantee a better
system capacity. Furthermore, because the reservation
ratio for each radar task is based on its worst-case re-
source utilization, i.e., the maximum usage of the radar
resource, we can also extend the the proposed mecha-
nism to reclaim the wasted radar resource, whenever
possible, while guaranteeing the minimum operation of
a radar.

3 Performance Evaluation
3.1 System Model and Data Sets

Our methodology is verified by a series of exper-
iments based on a phased array radar for air defense
frigates [8], for which we have very encouraging results.
The parameters of tasks are summarized in Table 3.
The High-Priority Search task was for Horizon Search.
Track Confirmation tasks, which were not periodic, had
a deadline equal to 20571. There was one Low-Priority
Search task (for Normal Volume Search) in the system,



Task Types Dwell Length | Beams per Period Period Priority
High-Priority Search 6ms 45 beams 40571 1
Track Confirmation 6ms 1 beam Deadline = 2051 2
High-Precision Track 2ms 1 beam (451,10S51) 3

Precision Track 4dms 1 beam (451,1081) 4
Normal Track dms 1 beam (10S1,8051) 5
Low-Priority Search 2ms 20 beams 40871 6

Table 3: Task parameters of simulation experiments (151 = 25ms).

which issued 20 beams for every 40517, and each dwell
length was 2ms. In the experiments, the ratio of track
tasks and High-Precision Track tasks remained 2 : 1.

The primary performance metric is the ratio of re-
quests that miss deadlines, referred to as the Miss Ra-
tio. Let num; and miss; be the total number of task
requests and deadline violations during an experiment,
respectively. Miss Ratio is calculated as ;—":—’;f:

The experiments described are meant to assess the
capability of the proposed algorithm Batch-T'C with
reservation ratio reclamation in dwell scheduling.. We
have implemented a simulation model for a multi-
function phased array radar. We compare the per-
formance of the Batch-T'C algorithm (with reservation
ratio reclamation), the earliest deadline first algorithm

(EDF), and the traditional Partial Template schedul-
~ ing algorithm (PM), where the problem of EDF is on
the handling of transient 6verload.

3.2 Experimental Results
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Figure 3: The miss ratio of the High-Priority Search
task. ' . . ‘ :
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Figure 3 shows the miss ratio of the High-Priority

. Search task. Since Batch-TC and PM both guaranteed

its service, its miss ratio remained zero, regardless of
the number of tracking tasks in the system. On the
other hand, EDF started missing most of the deadlines
of the High-Priority Search task when the number of
tracking tasks in the system was over 20.

Miss Ratio -

Figure 4: The miss ratio of High—Preéision Track tasks.

Figure 4 shows the miss ratio of High-Precision
Track tasks. Since the ratio of track tasks and High-
Precision Track tasks remained 2 : 1, Batch-TC and
EDF could both schedule up to 7 High-Precision Track
tasks without missing any of their deadlines, and the
miss ratio of High-Precision Track tasks remained low
until the number of High-Precision Track tasks was
around 10, i.e., the number of tracking tasks was over
30. On the other hand, PM could only schedule 4
High-Precision Track tasks without missing any of their

- deadlines (here High-Precision Track tasks were fa-

vored under PM).
Figure 5 shows the miss ratio of all track tasks.
Batch-TC and EDF also greatly outperformed PM.
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Figure 5: The miss ratio of all track tasks (includ-
ing Normal Track, Track Confirmation, Precision Track
tasks), without an even search workload distribution.

Figure 6 shows the miss ratio of the Low-Priority
Scarch task. It was surprised to see that Batch-TC
always met the deadlines of the Low-Priority Search
task, regardless of the number of tracking tasks. It
was because the period of the Low-Priority Search task
was long, and Batch-TC happened to have bandwidth
left in the reservation for tracking tasks and the High-
Priority Search task.

We show that real-time technology does improve
radar performance significantly. In particular, our pro-
posed approach can greatly improve the performance of
a phased array radar by tracking over 116% more tar-
gets than the traditional dwell scheduling approaches
such as the Partial Template algorithm and, at the
same time, improve missile tracking by over 40%, com-
pared to that under traditional ones, as shown in the
above figures.

4 Conclusion

Past work in real-time dwell scheduling suffers from
serious resource utilization problems mainly because of
hardware constraints. Much radar resource is wasted
without significant performance improvement. This
paper targets an essential issue for the design of mod-
ern phase array radar, i.e., real-time dwell scheduling.
We propose a rate-based real-time dwell scheduling
methodology and show its effectiveness in guarantee-
ing the timing constraints of radar workloads. The
proposed approach is verified by a series of experi-
ments based on a real phased array radar for air defense
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Figuré 6: The miss ratio of the Low-Priority Search
task, without an even search workload distribution.

frigates [8], for which we have very encouraging re-
sults. We show that real-time technology does improve
radar performance significantly. In particular, under
the tested case, the proposed Batch-TC could greatly
improve the performance of a phased array radar by
tracking over 116% more targets than the traditional
approach and, at the same time, improving the capac-
ity of High-Precision tacking by over 40%, compared
to that under PM.

We believe that with the complexity of advanced
radar systems people are building, only rigorous theory
which lends itself to advanced implementation methods
can provide us with the reliability and performance ac-
ceptable to users. For the future work, we will explore
real-time dwell scheduling of a multi-SP radar system
and tune up our methodology for radar systems of dif-
ferent scales and goals.
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