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For fixed power density in the far field, what is the cost-optimum high power microwave (HPM) SETI
beacon broadcasting system? We derive general relations for cost-optimal aperture and power. For
linear dependence of capital cost on transmitter power and antenna area, minimum capital cost occurs
when the cost is equally divided between antenna gain and radiated power. For non-linear power law
dependence a similar simple division occurs. This is validated in cost data for many systems and is
used as a rule-of-thumb in industry. Cost of pulsed cost-efficient transmitters can be estimated using
these relations using current cost parameters ($/W, $/m2) as a basis. How would observers
differentiate SETI beacons from pulsars or other exotic sources, in light of likely beacon observables?
Bandwidth, pulse width and frequency may be distinguishing features. Such transients are seen pulsar
searches, and could be evidence of civilizations higher than us on the Kardashev scale. Galactic-scale
beacons require resources larger than Earth presently has available. From the examples, a civilization
lower on the Kardashev scale will have a narrower beam, revisit less frequently, and so will be harder
to observe. But lower power beacons will probably be more numerous, so we should learn how to
identify them. We urge observers to consider SETI beacons as a candidate explanation when
perplexing non-repeating signals are seen in the radio sky.
1.0 Minimizing Costs
The usual method of cost optimization is to examine many alternative approaches to building a
system, estimating the cost of each, and then comparing them. This is a ‘bottom-up’ approach. We
offer a ‘top-down’ method based on analysis and actual experiences of designers.
Cost of large High Power Microwave (HPM) systems is driven by two elements-capital cost CC,
divided into the cost of building the microwave source and the cost of building the radiating aperture
CA, and the operating cost CO, meaning the operational labor cost and the cost of the electricity to
drive the system (Benford J. 2007):

C = CC + CO
CC = C A + CS

(1)

One can argue that operating cost of a system is dominated by labor cost, which is in turn proportional
to the size and power as well, so that CC~ CO, so that C~ CC.
! cost, the simplest approach is to assume power-law scaling
To optimize, meaning minimize, the
dependence on the peak power and antenna area. Non-linear dependence is analyzed in the Appendix,

but to illustrate the essentials, first we analyze linear scaling with coefficients describing the
dependence of cost on area coefficient a($/m2), which includes cost of the antenna, its supports and
sub-systems for pointing and tracking and phase control, and microwave power coefficient ($/W)
which includes the source, power supply, cooling equipment and prime power cost:
C A = aA
C S = pP

(2)

C C = aA + pP

We neglect any fixed costs, which would vanish when we differentiate to find the cost optimum.
The power density S (W/m2) at range
! R is determined by W, the effective isotropic radiated power
(EIRP), the product of radiated peak power P and aperture gain G,
W = PG
W
S=
4 "R 2

(3)

and antenna gain is given by area and wavelength:
!
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where ε is aperture efficiency (this includes factors such as phase, polarization and array fill efficiency)
and we have collected constants!into the factor k. (For ε=50%, k= 7x10-17s2/m2, and kf2=70/m2 for f=1
GHz.) We carry frequency as a constant here; cost of varying frequency will be treated later. To find
the optimum for a fixed power density at a fixed range, meaning fixed W, we substitute W into the cost
equation,
CC =

aW
+ pP
kf 2 P

(5)

then differentiate with respect to P and set it equal to zero, giving the optimum power and area:
!
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Optimal (minimum) antenna diameter D and cost are:
!

(6)

1/ 4

D

!

Copt
C =

opt

# 16 pW &
=% 2 2
(
$ " f ak '

aWp
aWp
aWp
+
=2
2
2
kf
kf
kf 2
Copt A
=1
Copt S

(7)

(8)

Minimum capital cost is achieved when the cost is equally divided between antenna gain and radiated
power. This was first mentioned in 1968 (Brown 1968), independently discovered from cost data on
!
the Deep Space Network
(Benford and Dickinson 1995) and stated in the Project Cyclops report
(Oliver and Billingham 1996). For a recent example, Kare and Parkin have built a detailed cost model
for a microwave beaming system for a beam-driven thermal rocket and compared it to a laser-driven
rocket. They find that, at minimum, cost is equally divided between the two cost elements (Kare and
Parkin 2006).
1.1 Cost Coefficients
Microwave antenna cost per unit area coefficient (a) can be estimated from astronomical arrays,
such as ALMA [7]. Such systems are driven by tolerances for higher frequencies, ~100 GHz, and are
~4k$/m2. Proposed systems such as the Square Kilometer Array (SKA) operate at lower frequencies
near the minimum of attenuation, 1-10 GHz. SKA is projected to cost about 1 k$/m2 (Benford et al.
2010). Commercial dishes for satellite TV cost about $400/m2 and show the cost-lowering effects of
huge economies of scale. SETI 2020 estimates ~$350/m2 for a large system. We have chosen 1 k$/m2
for our examples, but one must be mindful that the optimum area and power depend on the square root
of the cost coefficients a and p, so are insensitive to changes in the technology.
Delivered microwave power currently costs ~$1/watt, including everything from the wall plug to
the antenna connection. A current point of comparison, the International Thermonuclear Experimental
Reactor (ITER) electron cyclotron heating system, heats the Tokamak with 27 gyrotrons of 1 MW
continuous power (24 at 170 GHz, 3 at 120 GHz) at a projected cost of $82.5 million, $3/watt (Benford
et al. 2010). This includes $26.3 million for power supplies, $14.5 million for microwave sources
(gyrotrons) and controls, and $41.7 million for transmission lines (waveguides). We have chosen 3
$/W for our examples.
Here we make a distinction between peak and average power costs. The cost elements are different
in pulsed peak power microwave systems, where cost is dominated by the requirement to operate at
very high voltage and currents. For peak power systems, costs are in the range of 0.1-0.01$/W. Then
a GW power system costs 10-100 M$. High average power systems have costs driven by continuous
power-handling equipment and cooling for losses. They cost ~1$/W, so a GW unit costs ~1B$. The
physics for the cost reduction is that the electrical breakdown threshold is much higher for short pulses,
so much more energy can be stored in small volumes.
2.0 System Examples
We make an estimate for an HPM system of W=EIRP=1011 W (for example, 10 MW, 40 dB gain),
assuming a=1k$/m2, p=3$/W, at 1 GHz. This could be a 1-m2 antenna driven by a 1.4 GW HPM
source, or a 100 m2 array driven by a 14 MW source. What is the cost-optimum system? (We assume
the aperture will be made of an array of elements with aperture efficiency ε=0.5.) From eq. 5 the cost
becomes

C C (M$) =

1.49
+ 3P(MW)
P(MW)

(9)

It’s expensive, costing millions of dollars. Figure 1 shows the sharp cost minimum. The cost of the
system falls rapidly as power increases until power cost equals aperture cost at total cost minimum of
!
4.14 M$. Then it increases monotonically. Optimum power is 0.69 MW, optimum antenna area is
2,070 m2, and diameter is 51 m if the aperture is circular.

Figure. 1. Antenna, microwave power and total costs of HPM system with EIRP=1011 W, a=1 k$/m2,
p=3 $/W, at f=1 GHz with aperture efficiency ε=0.5. Minimum total cost is at the point where the
antenna cost and power cost are equal, as in eq. 8.
The difference between peak and average power cost matters. First, significantly lower costs for
pulsed sources drives cost down, as shown in Figure 2, which compares the system of Figure 1 (3$/W)
with short-pulse systems with 0.3$/W and 0.03$/W. This shows an order of magnitude fall in cost,
consistent Eqs. 6 and 8. Optimum power increases by ten to 7 MW, area falls by ten to 207 m2.

Figure 2. Impact of pulsed sources on system cost of systems of EIRP=1011. Cases of long-pulse
sources at 3$/W (same as Figure 1 case) and short-pulse sources at 0.3$/W and 0.03$/W.

As EIRP increases, optimal area, power and diameter increase, as Figure 3 shows for the constants
of Figure 1. As EIRP increases 1015 W, power rises to 70 MW, area to 0.2 km2, and diameter to 0.5
km.

Figure 3. Optimal area, diameter and power of HPM systems as a function of effective isotropic
radiated power, an extrapolation of the Figure 1 case to higher EIRP.
2.1 Frequency Scaling
Equations 9 and 12 show cost declining as frequency increases, due to the increased gain. The antenna
cost also increases with frequency. But the increase is slow, and the coefficient a~f1/3 (Benford J.
2010). Microwave sources typically don’t depend on frequency (power does, P~f2, so more sources
will be used to generate a given power at higher frequency). Therefore, the cost scaling with
frequency is
1
(10)
Cc " 5 / 6
f
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Figure. 4. Cost vs. microwave frequency for values of the power cost coefficient p for the HPM
system of Figure 1 . The upper end frequencies are favored by almost an order of magnitude.

Figure 4 shows frequency dependence of cost for the cases of Figure 2. Cost drops a factor of 6.8
from 1 GHz to 10 GHz. Unless the application requires a specific frequency, optimal cost drives the
system builder to higher frequencies.
The angular width θ of the optimized Beacon beam is set by the antenna area and frequency:
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The beamwidth a large cost-optimized aperture, such as those discussed in 3.2 is θ~10-4 radians.
To test the cost-minimization!approach, consider ORION, a transportable, self-contained HPM
test facility first fielded in 1995 and currently in operation (Price et al, 1997) At the heart of the system
is a suite of four tunable magnetrons each capable of delivering 400-800 MW peak power,
continuously tunable in frequency from 1-3 GHz, fires repetitively up to 100 Hz and can produce 230
MW/m2 over a 7m x 15m spot at 100 m range. The EIRP is W=3 x 1013 W, comparable to Arecibo in
peak power, but not average power. ORION fires 1000 pulses in a burst at repetition rates up to 100
Hz. Because of the frequency range, the antenna sub-system also includes a waveguide
combiner/attenuator consists of a hybrid tee/phase-shifter and power combiner to sum in waveguide
two outputs each magnetron, followed by a hybrid tee/phase-shifter attenuator to vary the radiated
power over five orders of magnitude.
Using eq. 8, a=10 k$/ m2, p=0.3 $/W at the mean frequency of 2 GHz, an estimate of the cost is
11.3 M$. This compares well to the 9.8 M$ inflation-adjusted price of Orion.
2.2 Cost-optimized vs. Isotropic Beacons
An isotropic beacon broadcasts into all sold angles. If the constraint is that a fixed power density S
must be produced at the range of both beacons, then cost-optimized and isotropic beacons differ
principally in that they have different beamwidths. Of course Ciso, the cost of an isotropic antenna, for
example a dipole, is small and Copt A is half the total cost (eq. 8). So the isotropic beacon cost will be
dominated by the of its power Pi. If they use the same technology, the ratio of costs of such Beacons is

G iPi = 4"R 2S = Gopt Popt
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Even if the isotropic beacon broadcasts only into the galactic plane, about 10% of the sky, it is far
more expensive than a cost-optimized beacon with a scanning broadcast pattern.

!

(12)

3.0 Alien Galactic-Scale SETI Beacons
The above relations have been used to estimate power beaming system costs for the most advanced
case: microwave Beacons for communication across galactic distances, for SETI (Search for
Extraterrestrial Intelligence) using EIRPs of 1017-1020 W (Benford et al. 2010).
Are aliens unknowable in that they are beyond economic arguments? We can call this the
Altruistic Alien argument -- that aliens of great ability, near-infinite resources and benign intent will
transmit to us without taking any consideration to the cost (which would be high in our terms). This
argument is seldom directly expressed.
But this argument meets a conceptual danger: If Altruistic Aliens have great resources, they
would find it easy to make themselves apparent in our night sky. If so, where are they? We now
know, from SETI searches of targeted stars conducted largely by the SETI Institute, that within a range
of ~ 400 light years they do not make themselves obvious. Indeed, we see no obvious beacons
anywhere in the night sky. Beacons are necessary. Further, no conversations occur over several 1000
light years; transmissions are announcements or memorials, not letters.
We assume that if they are social beings interested in a SETI conversation (Hetesi and Regály,
2006) or passing on their heritage, they will know about tradeoffs between social goods, and thus, in
whatever guise it takes, cost. But what if we suppose, for example, that aliens have very low cost
labor, i.e., slaves? (In modern terms we might call them ‘self-replicating automata’.) With a finite
number of slaves, you can use them to do a finite number of tasks. And so you pick and choose by
assigning value to the tasks, balancing the equivalent value of the labor used to prosecute those tasks.
So, choices are still made on the basis of available labor. The only case where labor has no value is
where labor has no limit. That might be if aliens may live forever or have limitless armies of selfreplicating automata. But such labor costs something, because resources, materials and energy, are not
free.
Our point is that all SETI search strategies must assume something about the Beacon builder,
and that cost is a constraint that may drive some alien attempts at interstellar communication. Instead
of the open-ended what-ifs of many SETI discussions, we seek to see what emerges from applying real
world constraints, as a guide to smarter searches.
3.1 Beacon–builder Motives
Through most of its history, SETI has assumed a high-minded search for other lifeforms. But
other motives are possible.
What could motivate a Beacon builder? Here we can only reason from our own historical
experience. Other possible high intelligences on Earth (whales, dolphins, chimpanzees) do not have
significant tool use, so they do not build lasting monuments. Sending messages over millennia or more
connects with our own cultures. Human history suggests (Benford G., 1999) that there are two major
categories of long-term messages that finite, mortal beings send across vast time scales:
Kilroy Was Here These can be signatures verging on graffiti. Names chiseled into walls have
survived from ancient times. More recently, we sent compact disks on interplanetary probes,
often bearing people’s names and short messages that can endure for millennia.
• High Church These are designed for durability, to convey the culture’s highest achievements.
The essential message is this was the best we did; remember it.
A society that is stable over thousands of years may invest resources in either of these paths.
The human prospect has advanced enormously in only a few centuries; the lifespan in the advanced
societies has risen by 50% in each of the last two centuries. Living longer, we contemplate longer
legacies. Time capsules and ever-proliferating monuments testify to our urge to leave behind tributes
•

or works in concrete ways (sometimes literally). The urge to propagate culture quite probably will be a
universal aspect of intelligent, technological, mortal species (Minsky, 1985).
Thinking broadly, high-power transmitters might be built for wide variety of goals other than
two-way communication driven by curiosity. For example:
•
•

•

•

•

The Funeral Pyre: A civilization near the end of its life announces its existence.
Ozymandias: Here the motivation is sheer pride; the Beacon announces the existence of a high
civilization, even though it may be extinct, and the Beacon tended by robots. This recalls the
classic Percy Bysshe Shelly lines,
And on the pedestal these words appear:
'My name is Ozymandias, King of Kings;
Look on my works, Ye Mighty, and despair!’
Nothing beside remains. Round the decay
of that colossal wreck, boundless and bare,
The lone and level sands stretch far away.
Help! Quite possibly societies that plan over time scales ~1000 years will foresee physical
problems and wish to discover if others have surmounted them. An example is a civilization
whose star is warming (as ours is), which may wish to move their planet outward with
gravitational tugs. Many others are possible.
Leakage Radiation: These are unintentional, much like objects left accidentally in ancient sites
and uncovered long after. They do carry messages, even if inadvertent: technological
fingerprints. These can be not merely radio and television broadcasts radiating isotropically,
which are fairly weak, but deep space radar and beaming of energy over solar system distances.
This includes “industrial” spaceship launchers, beam-driven sails, “planetary defense” radars
scanning for killer asteroids, and cosmic power beaming driving interstellar starships with
beams of lasers, millimeter or microwaves. There are many ideas about such uses already in the
literature (Benford and Benford, 2006).
Join Us: Religion may be a galactic commonplace; after all, it is here. Seeking converts is
common, too, and electromagnetic preaching fits a frequent meme.

We advocate that we know nothing of motives. Whatever the Beacon builders’ motives, we
should periodically reassess our SETI assumptions in light of how our own microwave emitting
technologies develop. Since the early SETI era of the 1960s, microwave emission powers have
increased by orders of magnitude and new technologies have altered our ways of emitting very
powerful signals. Given Beacon ranges > 1000 ly, EIRPs >1017 W are needed. These high powers
suggest that all possible motivations will succumb to economics. Is cost/benefit analysis arguably
universal? It is certainly a useful hypothesis. As we showed in the previous section, it leads to
quantitative methodology for thinking about beacons. We now show how it can be useful in
considering unexplained transients seen in the radio sky.
3.2 Beacon Examples
To quantify some classes of possible Earth-based Beacons as we have discussed here, based on
modern Earth sources, we present examples of galactic-scale beacons in Table 1.
We can estimate the operating cost CO as the cost of electricity to drive the microwave sources,
with a cost coefficient pave ($/W-sec), which at present in the US is 0.88$/W-yr. (There is also some
inefficiency in generating microwave power, about a factor of two.) The operating cost is then pave
times the peak power times the duty factor (product of the pulse length and the pulse repetition rate r)
times the operating time τ:

CO = p ave (dutyfactor) = p avePopt tr"

(13)

Table 1
Cost-Optimized Galactic Beacons
(For sky fraction
F=0.1,
f=1
GHz, a=1k$/m2, Beacon and receiver antennas of equal area,
!
α=1, β=1,ε=0.5, Tsys=7K, transmitter bandwidth Bt=1 MHz, average power cost pave=0.88$/W-yr.)
Beacon
Parameter
Range for S/N=5
EIRP=W
Peak Power, Popt
Pulse Length, t
Repetition Rate, r
Duty factor (t*r)
Average Power,
Popt (t*r)
Antenna
Diameter, Aopt
Beamwidth, θ
Capital Cost, CC
Operating Cost of
average power,
CO
Peak Power Cost
Coefficient, p
Dwell Time, τd
Revisit Time, τr

Long-Pulse
Galactic-Range
Beacon
6080 ly
1019 W
6.9 GW
1s
0.5 Hz
0.5
3.45 GW

Short-Pulse
Medium-Range
Beacon
1080 ly
1018 W
21.9 GW
1 μs
1 kHz
10-3
0.022 GW

Short-Pulse
Galactic-Range
Beacon
10,800 ly
1020 W
218 GW
1 μs
1 kHz
10-3
0.22 GW

5.1 km

0.91 km

2.88 km

1.2 10-4 rad
41.4 B$
3 B$/yr

6.4 10-4 rad
1.3 B$
0.2 B$/yr

2.1 10-4 rad
13.1 B$
0.2 B$/yr

3$/W

0.03$/W

0.03$/W

1.1 s
1 yr

35 s
1 yr

1.1 s
1 yr

These examples show that galactic-scale Beacons can be built for a few billion dollars with our
present technology. Such beacons have narrow ‘searchlight’ beams and short ‘dwell times’ when the
beacon would be seen by an alien observer in their sky. They cost in the range of 1-10 M$/ly. On a
cost basis they will likely transmit at higher microwave frequencies, ~10 GHz. This shows a key
advantage to short-pulse technology: much smaller costs, both capital and operating. For a detailed
discussion of these examples, see Benford et al., 2010.
Note that from eq. 3 R~W1/2, from eq. 8, Copt ~W1/2, so Copt~R. For uniform star density, star
number N~R2~C2. There are two domains: 1) The near field inside the galactic disk, where stars are a
spherical distribution and the number of stars N~R3, so number of stars radiated toward increases as
the cube of cost: N~Copt 3. Cost per star declines as ~1/N2/3, a favorable scaling. 2) Even better are
more powerful Beacons that radiate into the far field galactic disk, where the number of stars scanned
scales as N~R2. [The transition is at ~ 650 ly, the scale height of the galactic disk (Oliver and
Billingham, 1996)]. Here, the number of stars radiated toward increases as the square of cost: N~Copt 2.
The cost per star scales as 1/N. That means that more powerful Beacons will have great economies of
scale.

3.3 Implications of Cost-Optimized Beacons
3.3.1 Implications for Messaging from Earth
Galactic-scale Beacons can be built for a few billion dollars with our present technology. Such
beacons have narrow “searchlight” beams and short “dwell times” when the Beacon would be seen by
an alien observer in their sky. Cost-efficient beacons will be pulsed, narrowly directed, and broadband
(Δf/f ~0.1%) in the 1-10 GHz region, with a cost preference for the higher frequencies. Cost, spectral
lines near 1 GHz, and interstellar scintillation favor radiating far from the “water hole”. Transmission
strategy for such Earth-based Beacons will be a rapid scan of the galactic plane, to cover the angular
space. Such pulses will be infrequent events for the receiver, appearing for only seconds and recurring
over periods of a month or year.
3.3.2 Implications for Search Strategy
We conclude that SETI searches may have been looking for the wrong thing. SETI has largely
sought signals at the lower end of the cost-optimum frequencies. If there are cost-optimized beacons
as we envision them, we argue they can be found by steady searches that watch the galactic plane for
times on the scale of years. From Earth, 90% of the galaxy’s stars lie within 9% of the sky's area, in the
plane and hub of the galaxy. This suggests a limited sky survey. We will need to be patient and wait
for recurring events that may arrive in intermittent bursts. Special attention should be paid to areas
along the Galactic Disk where SETI searches have seen coherent signals that are non-recurring on their
limited listening time intervals. Since most stars lie close to the galactic plane, as viewed from Earth,
occasional pulses at small angles from that plane should have priority. The strategy which follows is:
•
•
•
•
•

Scan the region pointing directly toward and away from the galactic center.
Scan the entire plane of the galaxy often throughout the year
Since the highest nearby density of stars lies along the Orion Spur we are in, listen in those
directions for occasional, transient pulses.
Scan the region pointing directly toward and away from the galactic center.
Assume the Life Plane strategy of the Beacon builder; i.e., we should concentrate on a narrow
range above and below the galactic plane.

To elaborate on the last point: There is a selection pressure for life and therefore civilization that
follows from a mechanism proposed by Medvedev and Melott (2007). They point out that extinction
events in Earth genera diversity, which is observed to varies with 62 My cycle may be explained as
follows:
• Collision of the galaxy with the intergalactic medium at 200 km/sec produces cosmic rays
accelerated by the termination bow shock wave.
• Non-linear diffusion of these particles due to Alfven waves enhances flux at Earth by factor of
5 at the peak of excursion from the galactic plane (230 ly vs. 30 ly at present).
• Cosmic rays penetrating the atmosphere create muons that propagate deeply into the ocean,
causing radiation damage to DNA.
• Therefore genera diversity varies with 62 My cycle, as is observed. This explains both the
period of extensions and the timing of their maxima.
The implications for SETI are that life, civilization and beacons will cluster near the plane.
Therefore SETI searches should look near the galactic plane. We propose a new test for SETI
Beacons, including Cost-Optimized Beacons:

•
•
•
•

Identify coordinates of unexplained transient events, relative to the galactic plane.
Compare the distribution of these events to the distribution of stars relative to the plane.
See if they differ. If transients are clustered near the plane more than stars, it is circumstantial
evidence for beacons.
Concentrate SETI searches there, study those locations patiently.

3.3.3 Implications for SETI Observing Technology
As a consequence of their area the large antennas used for radio astronomy see a very small piece
of the sky. So to 'stare' at the galactic disk, one needs a large number of small antennas with each
looking as its piece of the plane. Of course, with smaller collecting area comes smaller signals. In
particular, steerable phased arrays such as the Allen Telescope Array have the unique ability to produce
multiple beams and shaped antenna patterns.
We should revisit the locations of the transient, powerful bursts seen in past surveys in a systematic
way. Earlier searches have seen pulsed intermittent signals resembling what we think Beacons may be
like, and may provide useful clues. We should observe the spots in the sky seen in previous work for
hints of such activity but over yearlong periods. Since we know these locations, a search every day or
even more often would be inexpensive. We should also scan the region pointing directly toward and
away from the galactic center.
Time resolution is key. For a facility well suited to cost-optimized beacon searches the key
parameters include collecting area, solid angle, bandwidth, and time resolution. All these parameters
are better when maximized. A good figure of merit is thus the survey speed in square degrees per hour
to some depth over some bandwidth. However, this doesn’t capture the key issue of time resolution,
which is a rarely-discussed parameter. Some projects specifically want to study fast transients
(perhaps ~ms-level timing on the ASKAP the Australian pathfinder for the Square Kilometer Array
[SKA]).
Perhaps newer search methods, directed at short transient signals, will be more likely to see the
Beacons we have described (Siemion et al. 2010, Lazio et al. 2009). Likely existing or near-term
facilities:
•

ASKAP publishes a “continuum” survey speed of around 300 sq. deg. per hour with 300MHz
bandwidth to an intensity of 100uJy.

•

MeerKAT (the South African version of ASKAP) has a few alternatives, and would probably
be in the range of 250-600+ sq. deg. per hour, perhaps with 512MHz bandwidth.

•

WSRT is the Westerbork telescope, which is supposed to be upgraded with some wideband
multi-element receivers for ~1GHz operation, which are called APERTIF. WSRT+APERTIF
sounds like it could have something approaching 300 sq. deg. per hour with 300MHz
bandwidth to a depth of 100uJy.

•

Fly’s Eye, at ATA, looks at 100 deg2 by pointing each dish of the array in a different direction.
This is still only a very small part of the sky, but can see pulses down to 0.6 msec (Siemion,
2008).

•

The Astropulse sky survey at Arecibo looks at 1/3,000 of the sky down to 0.6 µsec (Siemion,
2008).

•

The SKA itself won’t exist for more than another decade, but its mapping speed should be at
least ten times what ASKAP and WSRT+APERTIF advertise.

Signal/Noise is a function of time resolution. Each of these facilities should be able to detect a
continuous source easily. However, one that is pulsed, for the same average power, will have a higher
signal to noise in a shorter time, so is more detectable, but only if the electronics aren’t set to average it
out. (See the relations in Beacon Examples section, J. Benford et al, 2010.)
So the issue is whether the data systems in the newer systems, and SKA itself, will provide fasttime resolution. These devices point the way for SETI searches in the future.
4.0 How Can We Distinguish Transient Pulsars From SETI Beacons?
Pulsars are clearly radiation from rotating neutron star magnetospheres. There is increasing
interest in certain transient phenomena of uncertain origin, but likely due to atypical pulsars. These are
occasional observations of repetitive sources, some re-observed, some not.
There is another possible origin: extraterrestrial Beacons trying to attract attention from
civilizations such as ourselves. We have recently described such Beacons in terms of how our
civilization would build large broadcasting transmitters is we were to undertake announcement of our
existence (METI, Messaging to Extraterrestrial Intelligences) or even communication. The approach is
cost optimized beacons: how designing under a likely constraint on cost affects design choices and
therefore observable parameters. We found that beacons are likely to be pulsed, both to lower the cost
and to make the signal more noticeable. In fact, beacon might mimic a pulsar, because they are likely
to be studied. Of course, they would try to distinguish themselves in some way, such as modulations
of amplitude, frequency hopping, etc. They would not be isotropic, as pulsars are not isotropic, in
order to lower cost. So they might be much like a lighthouse, sweeping over a region of the sky,
scanning in a raster pattern, close to the galactic plane. The number of pulses an observer would see
must be ‘enough’ to distinguish it: large enough to contain the modulation, but small enough to allow
scanning of the beam over the designated target region (‘dwell’ time), after which it would return
(‘revisit’ time).
There is an increasing interest in shorter transient astronomical sources, so researchers should be
aware of the likely properties of beacons. How would observers distinguish such beacons from pulsars
or other exotic sources? Here I consider transient observations in light of likely beacon observables,
with one example of how to analyze observational data in terms of it possibly being a beacon,
deducing beacon parameters.
Factors to distinguish Bacons from pulsars are:
• Bandwidth An obvious difference is that pulsars have large bandwidths, typically peaking at ~1
GHz, falling with about the square of frequency. So a half-power bandwidth would be ~400
MHz. This is much larger than our powerful microwave devices, which have much smaller
bandwidths. That is because they are based on conversion of electron-beam energy to
microwaves by techniques using resonance. For such devices, there is a tradeoff, called the
gain-bandwidth product, which means that higher efficiency in microwave generation comes

•

•

•

when there is high gain and small bandwidth. (Here ‘small’ means much larger than the 1 Hz
signals many SETI listeners have searched for, though.) Efficient Earth sources have
bandwidths from 100 kHz to few MHz in the ~1GHz range where pulsars radiate most of their
energy, and efficiencies are in the range of 50-90%. However, we should not preclude the
possibility that more advanced methods of microwave generation could make very broadband
emission efficient. In addition, larger bandwidth allows larger data transmission rates. Could
~100 MHz signals be broad transmission channels, a galactic information superhighway?
Bandwidth alone is not necessarily a pulsar/beacon separator. (Note also that some pulsar
observation is done with narrower bandwidths, so the full bandwidth is not observed, but is
assumed to be broad, but may possibly not be.)
Pulse length Millisecond pulsars were observed later due to observational selection, e.g.,
integration time gives a natural bias against short periods. Cost-optimized beacons will likely
be pulsed to lower cost, with a preference for shorter pulses due to source physics. On Earth,
the higher source power, the shorter the pulse, due to breakdown physics, which is universal.
Pulse shape An isotropic beacon will of course be seen whenever one observes it, and a
scanning beacon is seen only when it passes by. A difference between beacons and pulsars is
that antennas generally have a gaussian beam shape, so a beacon beam sweeping past Earth will
be seen as a gaussian vs. time by an observer. In contrast, pulsars do not have a Gaussian
shape in general (Lyne and Manchester 1988).
Frequency Pulsar searches cluster in the lower end of the microwave, but beacons may be more
likely to appear at higher frequency. We expect cost-optimized beacons to appear at higher
frequency (~10 GHz) due to the favorable scaling of cost with frequency.

4.1 A Specific Case, PSR J1928+15
As an example of analysis for SETI beacon possibilities, consider the transient bursting radio
source, PSR J1928+15, which was observed in 2005 just below the galactic at 1.44 GHz in a Arecibo 2
minute observation and not re-observed in 48 minutes of revisits (Deneva et al. 2009). The candidate
explanation in Deneva et al. is perhaps an asteroid falling into the neutron star from a circumpulsar
disk, perturbing its magnetosphere.
Three pulses were received, the first and third down a factor of ten from the 0.180 Jy central
pulse. Separation between was 0.402 sec (=1/2.48 Hz). The dispersion measure (DM) was 242 pccm3. With density of 3.26 electrons/cm3 the source is at a distance 24,000 ly, placing it almost as far as
the 26,000 ly galactic center (Kraus, 2005).

Figure 5. Observed pulses from PSR J1928+15: De-dispersed time series showing three pulses, the
center pulse with highest amplitude.
4.2 Beacon Analysis of PSR J1928+15
In this section we work exercises in understanding beacon tradeoffs, with a hypothetical PSR
J1928+15 beacon. The methods discussed in Section 1 allow deduction of beacon parameters. Given
a small set of observations, the principal parameters such as power and antenna area can be calculated.
Then the time required to listen for a revisit of the scanning beacon can be made if we assume its
search pattern. Using the formulation of reference 2, parameters of three beacons producing 1.8 x 10-19
W/m2 at 24,000 ly are given in Table 2. We use Earth cost parameters of 1 k$/m2, 0.3 $/W.
To characterize a hypothetical PSR J1928+15 beacon, we make two working assumptions:
1) Assume the beacon is a ‘lighthouse’ scanning the galactic plane. The source is a scanning beacon
and, as it swept past, Arecibo caught the central pulse, the true beam. The first and third pulses are at
the edges of the antenna’s acceptance angle, which is 3.5 arc-min=1 mrad.
2) Assume the beam bandwidth covers all channels of the 100 MHz span of the detector array. (The
channel bandwidths are 0.39 MHz, with total BW 100 MHz.) This assumption drives the beacon
power estimate. From the observed power density of 0.18 Jy, the total power across 100 MHz is 1.8 x
10-19 W/m2.
The scanning beam produces the three pulses 0.4 sec apart. In Figure 6, the pulses are fitted to
a Gaussian beam pattern of width 0.5 sec, so the observed pulse heights are replicated. As noted in
4.0, antennas generally have a gaussian beam shape, so a beacon beam sweeping past Earth will be
seen as a gaussian vs. time by an observer. In contrast, pulsars do not have a Gaussian shape in
general (Lyne and Manchester 1988). But PSR J1928+15 fits a gaussian.

Figure 6. The hypothetical pulse profile, pulses the observed 0.4 seconds apart, convolved with a
Gaussian beam shape 0.5 sec FWHM results in reduced first and third pulses and fits the observed
signal.
Table 2 Beacon models producing the observed PSR J1928+15 signal
Beacon EIRP
A
B
C

W
1023
1021
1021

Peak Average Antenna Beam- Capital Operating Revisit K
Power
Power Diameter width
Cost
Cost
time
TW
GW
km
radians
B$
B$/yr
1,600
3
25
9µrad
980
3
6 years 0.35
14
8
14
190,000 4 10
0.1
5mrad
10
3 10
2 hrs 0.86
1,900
3,800
1
0.5mrad 6,000
3,000
1 week 0.66

Beacon A: Cost-Optimized Using the formulation of reference 2, and the Earth cost parameters of 1
k$/m2, 0.3 $/W, the cost-optimized parameters of a beacon producing 1.8 x 10-19 W/m2 at 24,000 ly are
given in Table 2. It has a big antenna, high peak power, but costs much less than the two other
beacons. The small beam width gives a spot size of only 0.25 ly, meaning it’s targeted to either
ourselves or some target between (or behind) us. So, it is not a scanning beacon. If it were, the revisit
time for a complete scan of the disk would be 6 years (see the calculation for the next example).

Total power in the spot area As is then P=S As= 1,600 TW, but the duty factor is low (5 ms/0.4s=2
10-3) so average power is 3 GW, about that of a standard nuclear installation. Note it is the average
power, not the peak power that matters. The beacon power system will store energy between bursts (or
shots) in an intermediate store. Thus if it’s a beacon, it comes from a civilization of our scale. On the
Kardashev scale (Kardashev 1964)
K"

log10 P # 6
= 0.35
10

(14)

where P is the beacon power. For comparison, Earth is K=0.73.
!
Beacon B: Non-Cost-Optimized,
small antenna As an exercise in understanding beacon tradeoffs,
assume the beacon antenna diameter is Dt=100 m. This leads to a small powerful beacon, with a large
beam width

" = 2.44

#
= 5.1x10$3 rad
Dt

(15)

where we use the observed frequency, 1.44 GHz. Then the spot size at our range is Rθ=122 ly.

! =190,000 TW, 10000 times the total electrical power of Earth. Thus
The total power is then P=SA
s
if it’s a beacon, it comes from a much more advanced and powerful civilization. On the Kardashev
scale K=0.86, less than the power of an entire planet (K=1). Therefore, this beacon is an affordable
luxury only to a civilization substantially in advance of us.
From the figure, the beam passing Arecibo in an interval 0.5 sec, so dφ/dt = 5.1 mrad /0.5 sec = 10-2
sec. If the pattern of the beacon is scanning the disk of thickness h, which is ~1300 ly at our location
range of 24,000 ly, then the spot is moving at R dφ/dt = 250 ly/sec. The time for a cycle around the
galactic circumference is 2π/[dφ/dt] = 10 minutes. The number of such strips in the scan is
1350ly/122ly = 11. So the beacon will return in 11 x 10 minutes ~2 hours. It’s understandable that 48
minutes of revisits hasn’t seen it again in 40% of the revisit time. Of course, it could be scanning a
smaller area, so that the revisit time would be sooner.
Beacon C: Non-Cost-Optimized, large antenna Assume Dt=1 km. The beam width is reduced by a
factor of 10 to 5 x 10-4 rad. Spot size diameter falls to 12ly. Power in the spot falls to 1900 TW, 100
times Earth’s entire power. The Kardashev scale falls to K=0.66. This is a civilization of planetary
scale, commanding the entire energy of civilization of the previous example.
The spot moves at the same rate, 30 ly/sec. But since the spot is smaller, the number of strips in
the scan increases to 1350ly/12.2ly = 110. So the beacon will return in 110 x 5 x 103 sec = 5.5 x 105
sec = 150 hours. Observers have revisited the site for 48 minutes, only 0.5% of the revisit time, and
haven’t seen it again.
The beacon nomograph (Benford, J. 2010) can be used to display the above examples. They all
cover the same fraction of the sky, the galactic disk, but have very different dwell and revisit times.

Figure 7. The three beacons of Table 2 displayed on the beacon broadcast strategy nomograph
(Benford, J. 2010). A Beacon builder choosing values of θ (eq. 11) and a sky fraction F to illuminate
gives lines of constant duty cycle ratio (dwell time/revisit time, τd/τr) for the Beacon observer. Then
right and top axes give ranges of these times for fixed τd/τr ratio, and can not be correlated to the lower
and left axes. The two relations are independent of each other, except in that they produce the same
time ratios. Cost-optimal Beacons lie in the upper region, continuous Beacons targeting specific star
targets are in lower region, can be observed with surveys observing for short times.
4.3 Conclusions
Galactic-scale beacons require resources larger than Earth presently has available. From the
examples, a civilization lower on the Kardashev scale will have a narrower beam, revisit less
frequently, and so will be harder to observe. But lower power beacons will probably be more
numerous. So we should learn how to identify them.
The discussion here shows a method of analyzing an observed radio transient in terms of a
possible beacon. We urge observers to consider SETI beacons as a candidate explanation when
perplexing non-repeating signals are seen in the radio sky.
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APPENDIX:
Non-Linear Cost Scaling
On Earth, antenna cost often varies with antenna area more rapidly than linear, i.e. Aα, α>1. The
cost of power can also increase more rapidly than linear. If we generalize eq. 2 to give cost elements
for aperture and microwave power a power-law dependence of Aα, Pβ, the optimum ratio of power cost
to aperture cost is β/α:
(16)

C C = aA" + pP#

The optimal aperture and power and total cost are:
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(19)

Again, the cost ratio depends on only the exponents.
The scaling of aperture is very
! important for cost, as Figure 8 shows: more expensive antenna area
(α=1.375) drives cost upward. More power is radiated to make up the EIRP. The ratio of costs is
C opt A
1
=
opt
C S 1.375

(20)

in agreement with eq. 19. The main point of Figs 1 and 5 is that when antenna cost increases because
α increases to 1.375, the total cost
! minimum increases at a steep rise. There is a great incentive to
keep α close to 1.
The area exponent ranges from α=1 to 1.375 (Benford, J. 2010). The Project Cyclops report
concluded α=1 (Oliver and Billingham 1996), and SETI 2020 study gave α=1.35. It is difficult to
argue that cost will vary less than linearly with area, so α=1 is probably a minimum. For space-based
antennas, with no requirement to support or move the antenna mass against gravity, α will be less than
on a planet or moon. For power costs, the rule-of-thumb in industry is β=1, and O’Loughlin gives
0.75-1.

Figure 8. System of Figure 1 with α=1.375, β=1. More rapid cost scaling for antenna leads to smaller
antenna, higher power and significantly higher total cost to achieve the same EIRP. Antenna and
power cost are in ratio of β/α, as in Eq. 14.
Therefore, in the range of experience, the range of the cost ratio is small, about a factor of two:
0.75 < " < 1
1 < # < 1.375
C opt A
0.55 < opt < 1
C S

(21)

The value of α and β have a big impact on cost, as the following figures show. The penalty for
not constructing near α, β ~1 is h igh. However, making them <1 is difficult.
!

Figure 9. Rapid increase of cost of galactic-scale beacons such as in Table 1 with α and β.
Shaded regions are the range of values found on Earth.

Figure 10. Galactic-scale beacon costs as a function of radiating area for various values of α, β and
EIRP=1017 W, a=1 k$/m2, p=3 $/W, at f=1 GHz with aperture efficiency ε=0.5. The expected ranges
of the antenna and power indices are shown, and hence the acceptable region is the v-shaped region
enclosed by them. Cost falls with lower indices. Since the cost scale is logarithmic, the penalty for not
constructing near the minimum is severe. Minimum cost is at an antenna diameter of hundreds of
meters, and hence is large enough to suggest a phased array approach to keep structures to manageable
scales.

Figure 11. Galactic-scale beacon cost vs. power over the expected range of α for EIRP=1017 W,
β=1, a=1 k$/m2, p=3 $/W, at f=1 GHz . Optimal cost increases with α and almost exactly linearly
with power as α increases.

