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ABSTRACT 

 

This paper compares telemetry link performance of the PCM/FM waveform when simultaneously 

transmitting in two different frequency bands, S-Band and C-Band.  A description of the aircraft and 

ground station is presented followed by flight test results.  These results are presented in the form of 

received signal strength and accumulated bit errors, versus time and link availability, over the flight 

paths.  Conclusions are drawn based upon the presented flight test results.         
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INTRODUCTION 

 

Over the past several years, the government telemetry community has been losing precious radio 

frequency (RF) spectrum to commercial interests.  This, coupled with increasing demands for data 

requiring higher over-the-air data rates, has forced the government to invest time and resources into 

locating and gaining access to additional spectrum for aeronautical mobile telemetry [1]. The traditional 

telemetry bands are: 1435-1525MHz (lower L-Band), 1755-1850MHz (upper L-Band), 2200-2290MHz 

(lower S-Band), 2360-2395MHz (upper S-Band).  

 



Through efforts of a dedicated few individuals at the 2007 World Radio Conference, access was gained 

to portions of the radio frequency spectrum  generically called C-Band, specifically 4400-4900MHz and 

5091-5150MHz (within the United States).  Though telemetry missions have used these bands in the 

past, no work has been published that compares C-Band telemetry link performance with link 

performance in the traditional L&S-Bands.  This paper attempts to answer the question “Does telemetry 

operations in C-Band perform in a similar manner to telemetry operations in L&S-Band?” 

 

Ideally, any augmentation of the traditional telemetry bands should come with minimal infrastructure 

upgrades to both ground stations and airborne platforms to accommodate C-Band. For the ground 

station, the receive antenna must be retrofitted to receive C-Band along with the traditional telemetry 

bands.  This may be coupled with a down conversion scheme of the C-Band signals to lower the cabling 

losses between the antenna and telemetry receiver.  Finally, the telemetry receivers will need to be 

retrofitted to receive the new C-Band signals.  For the airborne platforms, a new telemetry transmitter, 

preferably with selectable modulation mode, will be required.  Though simple to retrofit the test article 

with a new transmitter, many challenges exist for the transmitter manufacturer for successful operation 

in this new band.   Lastly, the aircraft transmission antennas will need to be changed to either band 

specific or multiband antennas.  

 

AIRCRAFT AND GROUND STATION SYSTEM DESCRIPTION 

 

In order to accomplish the flight test points described below, a system had to be configured to carry out 

the testing.  This system was broken into two parts, the airborne system and the ground station system.  

 

A Beechcraft C-12 was configured with a transmit system to transmit known data in S-Band and C-Band 

simultaneously from a single antenna location on the bottom of the aircraft.  The baseline system 

utilized a 10W multimode telemetry transmitter, from Quasonix, operating in S-Band. The modulation 

mode selected for all of the testing was Pulse Code Modulation/Frequency Modulation (PCM/FM).  The 

test transmitter was a legacy analog PCM/FM transmitter from Southern California Microwave 

operating in C-Band.  Both transmitters were fed a 5Mbps, 2
11

-1 pseudo-random bit sequence (PRBS) 

from the same source.  Data and clock were sent to the S-Band transmitter.  For the C-Band transmitter, 

data was low pass filtered and level adjusted for a modulation index of 0.7.  The RF outputs of each 

transmitter were routed through isolator networks (one for S-Band operation, one for C-Band).  These 

outputs were then combined and sent to the antenna on the bottom of the aircraft.  Power levels were 

measured in S-Band and C-Band at the antenna port and attenuation was added to the S-Band signal in 

order to provide equal powers to the antenna port.  

 

 
    

Figure 1 – Aircraft System Block Diagram 



 

The ground station consisted of a portable 8 foot dish antenna from Telemetry and Communications 

Systems (TCS) coupled to a fixed ground station. The antenna is capable of simultaneously receiving L, 

S, and C-Band telemetry signals outputting left hand and right hand circular polarizations for the bands 

of interest to the ground station.  Auto-tracking can be performed on any of the three bands as needed. 

 

The antenna was coupled to an antenna control unit (ACU) inside the ground station. The C-Band 

antenna feed, down-converts the C-Band signal (LH and RH polarizations) below L-Band, call it C-

Band IF, and combines that with the L/S-Band signals from the L/S-Band feed.  These RF signals were 

then routed to the ground station.  The S-Band signal was routed to a RCB2000 telemetry receiver.  The 

C-Band IF signal was up-converted back to C-Band, then down-converted to L-Band to accommodate 

the tuner in the RCB2000 telemetry receiver.  This was an extra conversion that was due to equipment 

availability, we had no way of directly going from the C-Band IF to L-Band.  Once the signals were at 

the telemetry receivers, the signals were demodulated and sent to Fireberd 6000A bit error rate 

analyzers.  Error statistics were polled on 10 second intervals from each of the Fireberds via the IEEE-

488 communication bus, time stamped, and recorded.  In addition to bit error logging, receiver 

automatic gain control (AGC) levels from CH1 and CH2 were also sampled at a 20Hz rate, time 

stamped, and recorded by the ACU.  Prior to flight testing, the receiver AGC levels were zeroed to the 

same reference.   

 

 

Figure 2– Ground Station Block Diagram 

 



 

Figure 3 – C-12 Test Platform and Ground Antenna with C-Band Feed 

  

FLIGHT TESTING DESCRIPTION 

 

Flight test points were developed to compare the S-Band and C-Band telemetry link performance in 

differing channel conditions.  Two test points were accomplished to provide flight profiles that compare 

the two telemetry links performance in differing flight test scenarios.  The first point, C1/D1, was a 

flight path known as Cords Road.  This test point is known to produce multipath and has been well 

characterized by the Advanced Range Telemetry (ARTM) program.  The point provides nearly 360 

degrees of aircraft antenna pattern coverage (at nearly a constant elevation angle) when looking from the 

receive antenna.  The flight path totaled approximately 83NM with the longest slant range being 61NM 

from aircraft to receive antenna.  Altitude for this test point was a constant 5000 feet MSL with a 

constant speed of 200 knots.  The test point had two elements, a west to east path (point C1) and the 

return east to west path (point D1).  The second test point, G1/G2, was meant to characterize telemetry 

link performance at low values of SNR.  Point G1 exhibits a gradual decrease in link margin out to the 

maximum slant range.  The return path, point G2, exhibits a gradual increase in link margin exercising 

the performance of initial synchronization for both links.  Test point G1 started at 4500 feet MSL and 

climbed directly away from the receive antenna to 20,000 feet MSL @ 1500fpm.  Once at 20,000 feet 

altitude, the aircraft leveled off and continued at that altitude at 160 knots to the end of the test point. 

Test point G2 was just the opposite of the outbound path.   The flight path was approximately 90NM 

with the longest slant range being 90NM.  See Figure 4 for a map representation of the test points and 

flight paths.  

 

A flight test was accomplished with the test points described above to compare the performance of the 

two links using the S-Band link as the performance baseline.  Center frequency for the S-Band link was 

2226.5MHz and the center frequency for the C-Band link was 4515MHz.  During the test, both signals 

were alternately used as the tracking signal for antenna pointing.  Link performance should be 

comparable between the two systems due to the antenna gain offsetting the free-space path loss in the 

link calculation.  For example, while on the test points, maximum slant range was 90NM.  Path loss 

difference at that slant range is approximately 6dB. Antenna gain at 4515MHz was approximately 5dB 

greater than at 2226.5MHz so the greater path loss is offset by the greater receive antenna gain. One 

parameter that will be different is the ground station antenna beam width.  By doubling the frequency, 

the beam width will be cut in half and may affect tracking performance while tracking in C-Band.  Data 

was captured and the results are shown below. 



 

 
 

Figure 4 – Test Points 

 

TEST RESULTS 

 

Two sets of test results are presented.  First, RF data consisting of receiver SNR values are plotted 

versus range time overlaid with accumulated bit errors.  Second, using the bit error data, link availability 

is calculated for each test point run.   

 

Signal to Noise Ratio versus Time 

 

Time correlated antenna system data was captured from the antenna control unit (ACU) which included 

automatic gain control (AGC) levels.  Prior to the flight testing, AGC was zeroed to the same signal 

source.  Estimates of SNR based upon this calibration were then used to derive the SNR versus time 

plots in Figures 5 through 8.  These figures show the received signal levels as the aircraft flies the test 

point.  These levels are typically an excellent metric for channel conditions.  Given that the ground 

station antenna does not lose track of the aircraft, large variances in the signal level typically mean some 

type of multipath event occurred at that timeframe.  Referring to Figure 4, the slant range between the 

ground station antenna and aircraft gradually decreases for test point G1.  As slant range increases, SNR 

decreases and vice versa.  For test point G2, the opposite is true, the slant range gradually decreases so 

the SNR gradually increases.  Recall that these points were flown to characterize the behavior of the 

links with decreasing SNR to a point at or near receiver threshold.  The SNR data shown in Figures 5 

and 6 illustrates this behavior.  The case is slightly different for test points C1 and D1.  For these test 

points, SNR gradually increases to a maximum, then gradually decreases until the end of each test point, 

but at no time is the SNR at or near threshold.  The points are flown at a constant low altitude so this 

point is dominated by multipath and not SNR.  This is illustrated in Figures 7 and 8.  

 

Bit Error Data 

 

During each test point bit error statistics were polled, time stamped, and logged.  In this testing, pre-

detection Optimal Ratio Combing (ORC) [2] was used in the telemetry receivers to combine RHCP and 

LHCP prior to demodulation; in other words, the bit errors statistics monitored were for the combined 

 G1/G2 

 C1/D1 



signals.  Figures 5 through 8 show accumulated bit errors for the combined S-Band and C-Band signals 

for each test point.  This data is shown in order to get a feel for the effect the channel has on the bit error 

accumulation of each telemetry link.   

 

 
 

Figure 5 – Test Point G1 

 

 
 

Figure 6 – Test Point G2 

 



 
 

Figure 7 – Test Point C1 

 

 
  

Figure 8 – Test Point D1 

 

These graphs are very informative and shed light on the characteristics of this particular aeronautical 

telemetry channel.  You will notice the long stretches of error free intervals between error events. When 

these error events do occur, they are usually catastrophic causing a large number of bit errors usually 

associated with demodulator synchronization loss.  We do not observe any polarization diversity when 

comparing receiver signal strength between polarizations, , i.e. signal strength between the two 



polarizations essentially track each other.  Channel sounding measurements [3, 4] on test points C1/D1 

and G1/G2 have shown that the dominant channel impairment is 2-ray specular multipath propagation.  

At 5Mbps, the excess propagation delay is less than 10% of the PCM/FM bit period, thus the fading is 

essentially flat and the major fade events are coincident and deep.  

 

For test point G1 (Figure 5) maximum link range was not achieved otherwise gradual increases in bit 

errors followed by synchronization loss would be observed at the end of the test point. For test point G2 

(Figure 6), errors did accumulate for several minutes at the start of the test point.  This can be attributed 

to the antenna pattern when looking at the nose of the aircraft.  In previous testing (and also confirmed 

with this testing) the antenna gain when looking at the nose of the aircraft is several decibel lower than 

when looking at the rear of the aircraft. 

 

The accumulated errors for Point C1 (Figure 7) show minimal errors up until the end of the test run.  

This correlates well with the known terrain between the ground station receive antenna and the aircraft. 

Approximately 11 nautical miles from the end of the test point, there is a ridge known to cause multipath 

and interfere with line of sight reception.  Flying at 200 knots means this ridge is approximately 3.3 

minutes from the end of the test point.  Referring back to Figure 7, the sharp rise in accumulated errors 

coincides with the aircraft being behind the ridge.  

 

Link Availability 

 

As indicated in Figures 5 through 8, this communication channel exhibits long error free intervals 

interrupted by multipath events lasting as long as seconds [3, 4].  This causes demodulator 

resynchronization and large error tallies during these events.  These events negatively bias the average 

bit error rate numbers so we can  conclude that for this transmission channel, average bit error rate is not 

a good measurement of link performance [5]. Based upon the error statistics captured during each test 

point, link availability (LA) was calculated.  Each receiver for S-Band and C-Band was fed right-hand 

and left-hand circular polarizations (RHCP, LHCP) and the internal combiner fed the demodulator.  The 

definition of LA for these tests is shown below in Equation 1. 

 

%100(%)
meTotalRunTi

roredTimeSeverelyErmeTotalRunTi
LA                      Equation 1 

 

TotalRunTime – Total length of the test point or interval of interest 

SeverelyErroredTime – 10 second interval where bit error rate > 1x10
-3

  



 

Table 1 shows the LA results for the baseline S-Band signal for all of the test points and compares that 

to LA results for the C-Band signal. Also, LA is calculated for the entire mission for comparison 

purposes.  

 

Link Availability Results 

Test Point S-Band LA (%) C-Band LA (%) 

G1 98.43% 95.87% 

G2 100.00% 100.00% 

C1 80.11% 79.02% 

D1 97.45% 97.74% 

Mission 93.06% 91.91% 

 

Table 1 – Link Availability Results 

 

Link availability numbers for the reference S-Band link are very typical numbers for PCM/FM at 5Mbps 

over these test points as characterized by the ARTM Program.  Each test with column values less than 

100%, experienced some type of multipath event which may or may not have caused the demodulator to 

resynchronize.  The column with LA=100% experienced much less severe multipath events.  Using the 

S-Band link as the baseline, we see that in all cases the C-band link performed in much the same 

manner.    

 

CONCLUSIONS 

 

 The question was posed:  “Does telemetry operations in C-Band perform in a similar manner as 

telemetry operations in L&S-Band?”  When compared to the S-Band baseline signal, all of the 

test data confirmed similar link performance.  

 

 Receiver signal strengths for both S-Band and C-Band tracked each other throughout the test 

points leading to the conclusion that the telemetry channel behaves in the same fashion at those 

frequencies.  

 

 The telemetry channel in which these tests were conducted can be characterized as multipath 

limited,  causing large tallies of bit error during discrete times.  The channel is typically not noise 

limited though test point G1/G2 did stress the link margin.  

 Average bit error rate is not a good metric to use to characterize telemetry system performance in 

this transmission channel.  Long error-free intervals were observed interrupted by multipath 

events causing long outage periods rendering an averaging method painting an incomplete 

picture.  

 For this transmission channel, theoretical gains normally associated with optimal ratio combining 

were not observed mainly due to the lack of polarization diversity in either band. 

 Though not empirically tested, antenna tracking was enabled in both bands at separate times 

during flight tests with no anomalies noted. 
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