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ABSTRACT 

 
An improved performance smart diversity was invented to improve the signal performance in a 
combined selective fading, Additive White Gaussian Noise (AWGN), Co-channel interference 
(CCI) and Doppler shift environment such as the LEO satellite channel. This system is also 
applicable to aeronautical and telemetry channels. Smart diversity is defined here as a 
mechanism that selects at each moment the best branch in a n-branch diversity system based on 
the error quality with no default branch and no prioritization. The predominant novelty of this 
discovery is the introduction of multi level analog based Pseudo Error Detectors (PSED) in every 
branch. One of the advantages of PSED is that it is a non redundant error detection system, with 
no requirement for overhead and no need for additional valuable spectrum. 

This research was motivated by problems in LEO satellite systems due to low orbit and high 
relative speed with respect to the ground stations. The system is independent of the modulation 
techniques and is applicable to both coherent and non-coherent detections. The results from 
simulations using dynamic simulation techniques and hardware measurements over dynamic 
channels show significant improvement of both the Bit Error Rate (BER) and the Block Error 
Rate (BLER).  
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INTRODUCTION 
 
Due to relatively small latency and lower power consumption, Low Earth Orbit (LEO) satellites 
are ideal for a number of different applications [2][3][7]. The lower latency for example has 
made it very suitable for mobile communication, data transfer for navigation, data transfer for 
commercial transaction etc. In addition to the commercial interest there are palpable military 
interests in LEO systems and this is due to their proximity to earth. This makes them to be 
excellent surveillance tools. Unfortunately the same reasons that make the LEO such an 
attractive tool, namely the lower orbit, also cause lots of communication issues. The lower 
latency and lower orbit make the relative speed to the ground station higher than other satellite 
systems. In a typical LEO channel we might encounter a combination of selective fading, 
Additive White Gaussian Noise (AWGN), Co-channel interference (CCI) and Doppler shift 
shadowing etc. The same problems are also typical in aeronautical and telemetry channels [14]. 

There are a number of other ways than diversity, for example equalization which can improve 
the performance of the signal especially in the presence of selective fading. But proper diversity 
can have a much greater result especially in satellite channels with higher frequency and shorter 
wavelength because here two physically separated antennas can have a complete different 
selective fading and notch characteristics [7][8][9][10]. In addition combining equalization 
diversity can further improve the performance. 

There are different diversity methods. One method is the combining method where signals from 
different receivers are phase aligned and combined. Although effective under certain 
circumstances, it is ineffective in other situations. For example, if we have a notch resulting from 
selective fading in one channel and no notch in the other channel, the combined result is going to 
be worse than the channel without the notch [14][10]. 

Another diversity method to be considered here is the selection or switching diversity where we 
select the best signal [4][9]. The question is selection based on what? One criterion could be the 
signal strength and it can be a good criterion as long as the two received signal spectra have the 
same shape. If subjected to selective fading this is not necessarily a good criterion. For example a 
signal with high signal strength with a notch can be much worse than a weak signal with no 
notch. So signal strength in a selective fading environment cannot be a good criterion. So the 
optimum way would be if we could select the best signal based on error quality of the signal. 
That is the motivation for what so call smart diversity and smart antenna. The smart antenna 
system can be especially effective in a combined selective fading, AWGN, Doppler shift and 
CCI like LEO Satellite systems, aeronautical and telemetry system. 

 

SMART DIVERSITY DEFINITION 
 

Smart diversity is defined here as a mechanism that selects at each moment the best branch in a 
n-branch diversity system based on the error quality with no default branch and no prioritization. 
In this smart diversity system the monitoring is done in real time with one Pseudo Error Detector 
(PSED) monitoring each branch. In other words the error monitoring system here is designed 
based on non redundant error detection with no requirement for overhead. 



 
SMART DIVERSITY ARCHITECTURE 

 
Figure 1. shows the architecture for a n branch smart diversity system. The signal from different 
antennas demodulated separately and then the best signal is selected based on their BER quality. 
This requires a real time monitoring of each branch simultaneously. Monitoring the quality of 
each branch is done by monitoring the quality of the eye diagram using Pseudo Error Detectors. 
The output from each Pseudo Error Detector is an indicator of the error level in that particular 
branch. The outputs from the Pseudo Error Detectors are connected to a decision circuit which 
decides which branch should be selected. This decision then passed to two hitless switches which 
select the best branch and its corresponding clock. Switching and selecting the corresponding 
clock is extremely important in especially coherent detections like FQPSK-B [1] because in the 
selective fading environment the signal degradation is so high the modem simply goes out of 
clock synchronization.  

There are three major components in the smart diversity system: 

I) Pseudo Error Detector 
II) Control circuit 
III) Hitless switch 

 

In the following sections each of these components will be described in detail. 
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Figure 1. Smart diversity block diagram 



 

PSEUDO ERROR DETECTOR IN SMART DIVERSITY SYSTEM 
 

Figure 2. shows the block diagram of the Pseudo Error Detector used in the smart diversity 
system. The recovered I channel is passed through an input buffer. The signal is then passed via 
voltage comparators. The threshold for the voltage comparator in the upper branch is set at zero 
and the lower branch at a little over zero. If the Eye is open and the ISI is small, then the signal 
levels in the upper branch and the lower branch are the same. The identical signal levels would 
result in “0” output from the XOR gate. On the other hand if there is higher level of error and the 
Eye is closed and ISI is high then the positive value falls below the lower branch threshold and 
the sample value of the upper branch and lower branch are different. This means that the XOR 
produces a one. 

For any error the XOR result is one and for the good reception the resulting output from the 
XOR is zero. The more errors, the more Ones are outputted by the XOR gate. The LPF with low 
cut-off frequency of 50Hz acts as an accumulator. The higher the number on ones inputted into 
the LPF the higher is the signal level. By sending the results from the XOR through a low pass 
filter it is integrated and we can estimate the error level. The higher the error rate, the higher is 
the voltage output from the low pass filter [4][5]. 
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Figure 2. Pseudo Error Detector 

 
CONTROL CIRCUIT 

 
Figure 3. shows the architecture for an n branch control circuit. As we are going to see later in 
the hardware implementation section the output of the Pseudo Error Detectors are not only 
dependent on the error level but also on other factors like the integration and low pass filter’s 
bandwidth. Therefore it is crucial to regulate and calibrate the outputs before any comparison to 
ensure the validity of the selection process. The first step is to ensure that we are integrating the 
Pseudo Error Detector signals in the same way whether we are integrating using a low pass filter 
or integrating using digital averaging. The second step is to calibrate the inputs to the comparator 
in a way that each branch represents the same level for the same error environment. The 



hardware calibration method is done by connecting all branches to the same signal and then 
amplifies the signal until we get the same level. 

After regulation we then can compare the outputs and the control circuit will output an address of 
length: 

 

( )BranchNoAddress 2log=  

 

This is address used in the hitless switch which uses a high speed MUX.  
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Figure 3. Control Circuit 

 

HITLESS SWITCH 
 

Figure 4. shows an ‘n’ branch hitless switch for the smart diversity system. Despite the 
simplicity of this switch it was a core component in ensuring that the whole system would work. 
During the implementation phase it did not take me long to realize that one of the most important 
considerations in the switch design is timing and synchronization. By enforcing proper 
synchronizations and buffering, the outcome far better than I had initially anticipated all due to 
proper timing and synchronization. Even with switching several hundred times per second it 
almost did not produce any error after almost an hour of running. 

Two of these hitless switches are required - one for the data and one for the recovered clock. The 
phase synchronizers are delays that ensure that the data and recovered clocks of all branches are 
in phase or at least approximately in phase. Then they are buffered so they can be triggered at a 
certain time into the high speed MUX. Later in the hardware implementation phase a time 
diagram for a two branch switch is presented. 
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Figure 4. Switch block diagram 

 
 

HARDWARE MEASUREMENTS SCHEME 
 

Figure 5. shows the hardware measurements scheme. The generated data is modulated and 
divided into two and passed via two separate channels. Each channel causes selective fading and 
adds AWGN to the signal [14]. Each channel is connected to an FQPSK modulator [1]. Each 
modulator provides three sets of data to the smart diversity system. 
 

I) Received data 
II) Recovered clock 
III) I or Q channel 

 
These three signals from each modem are connected to the smart diversity system. The smart 
diversity has six input and two outputs. The outputs from the smart diversity system which are 
the selected data and selected clock are connected to the Error Analyzer. Comparing the 
transmitted data and the receiver data the analyzer calculates the Bit Error Rate (BER) and the 
Block Error Rate (BLER). 
 
During the measurements a number of instruments were used for monitoring and support. Figure 
6 shows only part of the lab settings and many instruments are not visible in the picture. 
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Figure 5. Hardware measurement scheme 

 

  
Figure 6. Smart diversity system (left) Lab Setting (right) 

 

HARDWARE MEASUREMENTS RESULTS OF BER IN THE STATIC CHANNEL 
Figure 7. shows the PSED response to the error as the notch resulting from selective fading 
sweeps across the spectrum. 

  
 (a) (b) 



  
 (c) (d) 
Figure 7. Pseudo Error Detectors hardware results obtained for channel (1) at 70MHz and 1Mb/s data 
rate. (a) Spectrum low error level (b) Corresponding high error level Eye diagram and PSED output 

(c) Spectrum high error level (d) Corresponding high error level Eye diagram and PSED output  

The results here were measured for selective fading environment as the notch at different 
location on the FQPSK spectrum. The transmitter and receiver’s carrier frequency was set at IF 
fc = 70MHz with bit rate of 1Mb/s. A 60 m cable was used creating a τ=200ns delay line creates 
a selective fading with 1/τ=5MHz notch distance. The attenuator was adjusted so that the notch 
depth was 20 dB. 

The BER results shown in the following figures were obtained by: 

I) Recording only once the BER for channel 2 for different SNR with no selective 
fading 

II) Adjusting the voltage of the voltage control phase shifter in channel (1) so that the 
20dB notch is positioned at {-400 kHz, -200 kHz, at the center, 200 kHz, 400 kHz} in 
relation to fc =70MHz. 

III) Changing the attenuator of the noise generator and for different SNR for channel 1 
IV) Recording BER for channel 1 and the smart diversity output 
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Figure 8. Static BER results for the smart diversity system using FQPSK, fc=70 MHz Bit Rate = 

1Mb/s. Channel (1) with selective fading with notch at 300 kHz (left graph) and a notch at 200 kHz 
(right graph) left of fc, τ=200ns and notch depth of 20 dB. Channel (2) with no selective fading  

 



 
SIMULATION RESULTS OF BIT ERROR RATE (BER) IN STATIC CHANNEL 

 
Figure 9 and Figure 10 show simulated results in a selective fading environment. The 
simulations were done for similar conditions to simulate the hardware measurements. 
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Figure 9. Channel (1) with selective fading (upper left) notch at 300 kHz left of the fc and notch 

depth of 20 dB. The figure on the right shows the simulated BER for both branches and the smart 
diversity output. 
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Figure 10. Channel (1) with selective fading (upper left) notch at 200 kHz left of the fc and notch 
depth of 20 dB. The figure on the right shows the simulated BER for both branches and the smart 

diversity output. 



HARDWARE MEASUREMENTS RESULTS OF BLER IN THE DYNAMIC CHANNEL 
 

Real world channels like LEO satellites and the telemetry channels cause moving notches due to 
the selective fading and the real performance of the smart diversity system require dynamic 
measurements.  
The following tests were conducted for a duration of 100s using FQPSK modem at IF fc=70 
MHz with 1Mb/s bit rate. A 60 m cable was used in both channels causing a τ=200ns and the 
selective fading attenuator were adjusted to cause a 20 dB notch in both channels. The voltage 
output of the voltage control phase shifter in both channels were chosen so that the notch sweeps 
back and forth between fc-2,5 MHz to fc+2,5 MHz. By adjusting the frequencies of the voltage to 
voltage control phase shifter different sweeping frequencies were created. The tests were 
conducted for EB/No at 20 dB for different noise levels.  
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Figure 11. Measured Block Errors for channel (1), channel (2) and the smart diversity. In the left 
graph there is selective fading in only channel (1) sweeping frequency of 100mHz. In the right 

graph there is selective fading in both channels with the same sweeping frequencies of 100mHz. 
In this case the notches in two channels do not fall in the spectrum at the same time. 

 
CONCLUSIONS 

 
A design and implementation of the smart diversity system was presented and its performance under 
different circumstances was evaluated. The measurement results show a great improvement of BER and 
BLER in the presence of dynamic selective fading which makes this system very suitable for satellite 
systems. This is especially true for non-stationary satellite systems like LEO and MEO. The BER and 
BLER in the presence of selective fading under some circumstances can be improved significantly. 
The interesting observation was the improvement in the presence of just AWGN. Due to the selective 
nature of the proposed diversity system, its performance was expected to be less or at best equal to that of 
the best channel. Yet it was better than the best branch. This seems to deviate from conventional diversity 
system and it is better. The explanation is that this system constantly monitors each branch and 
consequently bit by bit is scrutinized and the final selection changes constantly. This explains why we 
observe improvements even in the AWGN environment. 
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