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Abstract 

Software Defined Radios (SDR) offer the opportunity to load waveforms as software applications. Potential candidates for waveform application (WFA) range from existing low-complexity legacy WFAs to future wideband networking waveforms with high computational complexity demands. In our contribution, we propose, to exploit the high processing capabilities of SDR platforms also for legacy waveforms in order to improve bit error performance, e.g., by applying advanced signal processing algorithms. As a first step, the advancements will only be introduced at the receiver side to fulfil the interoperability constraints. As a second step, we will demonstrate that significantly higher performance improvements are possible, if we are allowed to introduce minor changes at the transmitter side as well. In some implementations only a single line of software code needs to be changed to realize considerable gains. Thus, defining an additional ''SDR-Mode'' is valuable, but evidently in this case interoperability to legacy systems can not be guaranteed. As an example, we apply the concept of bit interleaved coded modulation with iterative decoding (BICM-ID) to the MIL-STD-188-110B Serial Single Tone waveform.

1.0
IntroductioN
In the military domain, SDRs will significantly improve future tactical communications. This improvement mainly results from realizing wideband networking waveforms (WNW). Due to the need of high data rates, these waveform applications (WFAs) can only be loaded on SDRs which offer enough computing power to serve them. For that purpose, industry offers multiprocessor SDR platforms. Before those demanding WNW applications will be operating multinationally, at first legacy WFAs are ported on the national SDRs, since there are still many legacy handsets/platforms in service within the armed forces. 
Originally the US DoD published a list of 32 JTRS waveforms, which were designated to be ported on the US national SDR platform [1]. Since then, the number of waveforms has been reduced to nine [1], [2], of which the majority is classed as legacy WFA. Most of the legacy WFAs have been specified within the last 20 years, thus the demands on computing power are by far not as high as for the new wideband networking waveforms. However, nowadays there are platforms available on the market, which fulfil the demands of the upcoming WNW. Thus, we consider in this paper to not only port the legacy WFA on the SDR platform in a one-to-one manner, but also to modify the WFA PHY functionalities on the receiver side by applying novel signal processing elements. On the expense of higher computational complexity (while ensuring interoperability on the air interface) the new signal processing might allow improvements e.g. in bit error performance of the WFA. In the following sections, we will demonstrate that, e.g. applying the concept of BICM-ID to legacy waveforms permits already some gains in robustness. 
As an example, MIL-STD-188-110B Serial Single Tone (SST) waveform is chosen. This is still widely used and it is one of the JTRS legacy waveforms. If some little changes are introduced on the transmitter side as well, additional significant improvements can be achieved. Of course, by changing the transmitter, interoperability to legacy equipment cannot be guaranteed anymore. However, we will show that all the modifications, if a SISO (Soft-Input-Soft-Output) receiver architecture is used, can be realized within a single line of software code in the waveform application.

2.0
MIL-STD-188-100B SERIAL SINGLE TONE

A series of widely used U.S. military telecommunication standards have been named MIL-STD-188. This series has been divided into sub-series, where the MIL-STD-188-100 sub-series covers common standards for tactical and long haul communication. MIL-STD-188-110B is part of this sub-series which specifies Interoperability and Performance Standards for Data Modems [3]. 
In this specification several modes are described ranging from serial single tone waveforms up to parallel multi-tone waveforms. In our contribution, we focus on the serial single tone (SST) waveform, which divides in two different modes, a fixed frequency mode and a frequency hopping mode. In the following we will only refer to the fixed frequency mode of the waveform. The fixed frequency mode consists of seven transmission modes, each supporting another data rate. The data rates range from 4800 bps down to 75 bps as indicated in Table 1.

Table 1: Modes of MIL-STD-188-110B Serial Single-Tone.
	Data Rate [bps]
	Effective Code Rate
	Method for Archiving  the Code Rate
	Bit /Symbol

	4800
	1
	No coding
	3

	2400
	1/2
	Rate 1/2 convolutional Code
	3

	1200
	1/2
	Rate 1/2 convolutional Code
	2

	600
	1/2
	Rate 1/2 convolutional Code
	1

	300
	1/4
	Rate 1/2 convolutional Code
repeated 2 time
	1

	150
	1/8
	Rate 1/2 convolutional Code
repeated 4 time
	1

	75
	1/16
	Rate 1/2 convolutional Code
plus Walsh code of size 8
	1


Notice, from a modulation point of view there is a factor of 2/3 between the 2.4 kbps mode and the 1.2 kbps mode, but in data rate there is a factor of ½. The reason for this is the different portion of training data implied in the different modes which is not explicitly mentioned in Table 1.
As shown in Table 1 the modes with a data rate lower that 4800 bps employ Forward Error Correction (FEC) realized by a convolutional code with the generator polynomial G = {171, 133}Oct. Convolutional codes are vulnerable to burst errors, thus there is a block interleaving scheme employed, in order to break burst errors in single bit errors see Figure 1. 
The block size of the “short” interleaver is 2880 bit and 23040 bit respectively for the “long” interleaving scheme [3]. Furthermore, the different modes map a different amount of bits on the channel symbols as presented in Table 1. The modulation scheme ranges from BPSK over QPSK to 8-PSK modulation (1, 2 or 3 Bit/Symbol). The standard employs a modified Gray mapping [3]. Modified in the sense, that not a adjacent bit labels can differ in more than one position. The signal constellation diagram including the bit patterns for the 8-PSK modulation is illustrated in the left part of Figure 6 in Section 4.2.
The timing and synchronization structure of the waveform will remain unchanged in our contribution and can be found in [3], for reasons explained below, we focus on the fixed frequency 2400 bps mode. The transmitter of the considered system is depicted in Figure 1.

[image: image1.emf]
Figure 1: Transmitter Model for 2.4 kbps Mode.
3.0
Concept of BICM-ID

The concept of BICM-ID was first described in [5] and is based on a serial concatenation of a convolutional encoder, an interleaver and a mapper. On the receiver side, there is a feedback loop between the decoder and the demodulator, separated by an interleaver, namely a scheme with joint iterative decoding and demodulation is used. Extrinsic information generated in the decoder is interleaved and then fed back to the demodulator as a priori information of the received channel symbols.

3.1
The BICM-ID Receiver

The legacy receiver of MIL-STD-188-110B SST just inverts the processing elements of the transmitter, whereas the BICM-ID receiver introduces a feed back loop as indicated in Figure 2.

[image: image2.emf]
Figure 2: Receiver Model for BICM-ID.
The BICM-ID receiver employs a maximum a posteriori detection using a Soft Input Soft Output (SISO) metric in its components using Log Likelihood Ratio (LLR). The demodulator and the decoder generate so called extrinsic information, which is passed between the components. The demodulator receives channel values z=y+n, with n denoting the noise of the Additive White Gaussian Noise (AWGN) channel and additionally it processes a priori LLR [image: image3.emf] from the feed back loop generated by the channel decoder. For the first iteration, the interleaved values provided by the channel decoder are initialized with [image: image4.emf] =0. The output LLR[image: image5.png]Zerl P(zly)exp(3
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 of the demodulator can be computed as a function of [image: image6.emf] and zt by
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with t being symbol perspective time index, i and j denoting the ith resp. jth bit in the tth symbol and y denoting a possible and currently considered channel symbol. [image: image8.emf] , where b [image: image9.emf]{0,1},  is indicating the signal constellation set, with the ith bit being equal to b and zt being the tth received channel symbol  [image: image10.emf] and [image: image11.emf] the ith interleaved received encoded bit in the tth symbol. The output of the demodulator [image: image12.png]Zerl P(zly)exp(3
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 is then deinterleaved and serves as a priori input for the decoder [image: image13.png]apri/ g
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Then the extrinsic output of the decoder [image: image14.emf] is generated from [image: image15.png]apri/ g
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 by an appropriate SISO decoding algorithm. In this paper we use the BCJR algorithm [4]. The LLR [image: image16.emf] are fed in the interleaver and the output is used as a priori knowledge [image: image17.emf] in the demodulator for the next iteration.
3.3
EXIT-Charts and Decoding Trajectory
To analyse the behaviour of concatenated iterative processes, in this paper demodulation and decoding, a widely used tool is the Extrinsic Information Transfer (EXIT) chart [6], which depicts the transfer of extrinsic information from the a priori input [image: image18.emf] of the component to its extrinsic output [image: image19.emf]. To do so, the bit-wise mutual information [image: image20.emf] between the originally sent bits [image: image21.emf] and the a priori information [image: image22.emf] is evaluated as well as in case of an extrinsic output, [image: image23.emf]. An EXIT –characteristic depicts [image: image24.emf] as a function of [image: image25.emf]. 
Since two processes are concatenated to one BICM-ID scheme, the two respective EXIT-characteristics are drawn into a common EXIT-chart, as exemplary illustrated in Figure 3. 
[image: image26.emf]
Figure 3: An Example of an EXIT Chart for BICM-ID.TC "4 EL-Mode: MIL-STD-188-110B SST, 8-PSK, short interleaver" \f f
Note that since the extrinsic output of the one component serves as a priori input for the other one, the axis must be swapped. Both EXIT-characteristics determine the bounds for the so-called decoding trajectory [6]. The decoding trajectory is a step-curve, which visualizes the increase of extrinsic information of the Turbo process within the iterations.

4.0
Applying BICM-ID to MIL-STD-188-110B SST

In this section, we focus on demonstrating the benefits of applying BICM-ID to MIL-STD-188-110B SST waveform by a simulation example. 

First, in Section 4.1, we will apply the concept of BICM-ID to MIL-STD-188-110B SST. Since this is realized on the receiver side only, interoperability on the air interface will be preserved. We call this approach “Enhanced Legacy (EL) Mode” . 

Afterwards, in Section 4.2 we will show that a little change in the transmitter allows considerable benefits, bearing in mind, that interoperability on the air interface can not be guaranteed, but to other SDRs employing the same changes. This change defines “SDR-Mode I”. 

Finally, in Section 4.3 we will outline some additional modifications in order to get even better Bit Error Rate (BER) performance by defining “SDR-Mode II”. 

The entire simulations in this section are carried out using the “long” interleaver, but similar results can be achieved for the “short” interleaver.
4.1
Enhanced Legacy Mode (EL-Mode)

The transmission chain of FEC, interleaving and modulation of the MIL-STD-118-110B SST waveform resembles a serially concatenated Turbo-scheme [7]. Thus, the basic concept of BICM-ID [5] exploits this structure to feed back the so-called extrinsic information from the outer FEC decoder to the inner demodulator as depicted in Figure 2. For each iteration the reliability of the decoded output bits increases. Thus, compared to classical legacy approaches there is a new receiver structure using soft information implemented realizing the feed back and utilization of extrinsic information.
In Figure 4 simulation results for the new receiver structure employing a BICM-ID scheme, using the MIL-STD-118-110B SST waveform parameters, are given.
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Figure 4: “EL-Mode”: MIL-STD-188-110B SST, 8-PSK, Long Interleaver.TC "4 EL-Mode: MIL-STD-188-110B SST, 8-PSK, short interleaver" \f f
Zero iterations means, that demodulation and decoding are executed once. No information is fed back (see Fig. 2); hence zero iterations illustrate the legacy performance. The Error Free Feedback (EFF) result simulates perfect a priori knowledge in the decoder. The EFF depicts the maximum possible gain and it shows that some small gains are possible; but these gains have to be considered as marginal. The according EXIT Chart is given in Figure 5. 
[image: image28.emf]  Figure   5 :  EXIT - Chart for Enhanced legacy mode for  SNR=7  dB   The   EXIT - characteristic of the  demodulator has  a very low slope, thus there is only a small possibility to  step for the  decoding   t rajectory,  between the demodulator  and t he decoder characteristic, the only  beneficial step is done in the legacy version of  the waveform .  Hence, the modified  G ray mapping used by  MIL - STD - 118 - 11 0B SST is not a very beneficial,  for the concept of BICM - ID .  
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Figure 5: EXIT-Chart for Enhanced Legacy Mode for SNR=7 Db.
The EXIT-characteristic of the demodulator has a very low slope, thus there is only a small possibility to step for the decoding trajectory, between the demodulator and the decoder characteristic, the only beneficial step is done in the legacy version of the waveform. Hence, the modified Gray mapping used by MIL-STD-118-110B SST is not a very beneficial, for the concept of BICM-ID.
4.2
SDR-Mode I

To increase the performance of the WFA, we introduce a minor change in both, transmitter and receiver. Changing the bit labels (mapping) of the signal constellation points (which is usually a change of a single line of software code in a WFA) from the modified Gray coding to Semi Set Partitioning (SSP) has an impact on the EXIT characteristic of the demodulator (see Figure 5). This modifies the demodulator EXIT-characteristic to a steeper slope compared to the characteristic of the Gray mapping [9]. The old and the new mapping of bits to signal states are given in Figure 6. 


[image: image29.emf][image: image30.emf]
Figure 6: Change of Mapping from Modified Gray to Semi Set Partitioning.
The simulation results for “SDR-Mode I” are given in Figure 7, where only the bit labelling was modified. 
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Figure 7: BER Performance of MIL-STD-188-110B SST (“SDR-Mode I”), 8-PSK, Long Interleaver.
In the initial iterations, the performance is quiet low if compared to the original modified Gray mapping schemes, but the EFF result is much lower than for the “EL-Mode”. However, after a certain number of iterations the BER curves labelled “SDR-Mode I” start to outperform the reference curves. For instance, for 10 iterations, the new mapping yields to a BER gain starting from SNR ≥ 5.6 dB. 

In the EXIT Chart analysis of this mode, given in Figure 8, the impact of the new bit labelling can be seen. The demodulator characteristic is a much steeper linear slope as compared to the modified gray labelling given in Figure 5. Since the convolutional code was not modified, the decoding EXIT-characteristic remains the same.
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Figure 8: EXIT-Chart for “SDR-Mopde I” for SNR = 7 dB.
Thus, the decoding trajectory is now able to perform steps through the tunnel, between demodulator and decoder characteristic, for the iterations. Moreover, it can also be seen, that starting with the second step of the decoding trajectory does not reach the decoder characteristic, what would be desirable for even better BER performance. The reason for this result is the bad interleaver design, the independence of soft decoder and demodulator can not be guaranteed, for high number of iterations.

4.3
SDR-Mode II

In “SDR-Mode II” we introduce further changes in the transmitter and receiver. We modify the standard block interleaver [3] to a pseudo randomized interleaving scheme, in specific to a S-Random Interleaver, which will further increase the performance in the relevant BER regions, as illustrated in Figure 9. 
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Figure 9: BER Performance of MIL-STD-188-110B SST (“SDR-Mode II”), 8-PSK, Long Interleaver.TC "9 BER performance of MIL-STD-188-110B SST (SDR-Mode II), 8-PSK, short interleaver (2880bit)" \f f
The new interleaver can also be considered as a minor change, in terms of SDR, since it is realized through changes in a look-up table or the indexing computation in the software code
From [8] it is known, that random interleaver perform better than regular block interleavers in the area of lower BER, even though they are worst for higher BER. It is visible; that the results for 5 and 10 iterations are quite similar and 10 iterations don’t offer as many gains as compared to “SDR Mode I”. The EXIT Chart analysis of “SDR Mode II” is given in Figure 10. 
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Figure 10: EXIT-Chart for SDR-Mopde II for SNR = 7dB.
Both decoding trajectories are drawn into this EXIT-Chart, for the original interleaver (SDR-Mode I) and for the modified S-Random interleaver (SDR-Mode II). The S-Random interleaver performs longer steps than the original interleaver, especially for the second and third iteration (step). Also here, it can be observed, that even the S-Random interleaver does not reach the decoder characteristic for e.g. the third iteration. This is an issue of the interleaver length, it is commonly known from Turbo processes that they perform better for longer block lengths [8].

5.0
Conclusion

In this paper it was demonstrated, that applying novel signal processing algorithms to legacy waveforms allows increasing error robustness significantly. The computational complexity of these new algorithms is much higher than the straight forward implementation of the waveform, but today’s SDR-Platforms, with high processing capabilities, have to cope with new developed WNW, which also employ very demanding algorithms. 
Even by changing just the receiver architecture of a waveform, performance gains can be observed, while interoperability of the air interface is guaranteed. The gains in the “EL-Mode“ of MIL-STD-188-110B SST were rather small, compared to the further presented modes. 
Moreover, new SDR-Modes were presented; they contain changes not only in the receiver of a waveform, but also in the transmitter. When the transmitter is changed interoperability on the air interface can not be preserved. However, it was demonstrated, that these modes specially designed for SDR platforms, perform significantly better than legacy implementations, for negligible changes in the transmitter code of a waveform. In “SDR-Mode I” only the bit labelling of the signal constellation points was modified and with the BICM-ID receiver “SDR Mode I” outperforms the legacy implementation.
“SDR Mode II” introduces further changes to the waveform, additionally to the changes in “SDR Mode I”, the interleaver was modified, which is in terms of software also an insignificant change. It was demonstrated, that the performance further increased and the number of iterations could be reduced, since 5 iterations of “SDR-Mode II” outperform 10 iteration of “SDR Mode I” for SNR > 6.25 dB.

Form our perspective, before porting a legacy waveform onto a SDR, studies should be conducted, to identify the potential of increasing a waveform’s performance by applying advanced signal processing algorithms, to introduce EL-Modes and if communicating between SDRs, SDR-Modes can be used, which benefit even more from new algorithms.
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