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Chirp Spread Spectrum Technology

Introduction

The use of chirp signals in communication systems has been deeply investigated by Nanotron Technologies. This research leads to a new understanding of spreading technologies. Two different kinds of spreading can be combined using chirp signals, frequency spreading and time spreading. The frequency spreading is given by the ratio between band width B and data rate R and gives a high correlation gain for B >> R [1].

Time spreading is something new, commonly the spread signal consists of small chips. Each chip has the duration of 1/B. In the chirp spread spectrum technology one pulse of duration 1/B is spread in time by a dispersive delay line, replacing the chip by a chirp. The time spreading can be independent from the frequency spreading, which means the chirp signals can be much longer than the data symbols of length 1/R. In this case the chirp signals overlap each other during the transmission and are well separated again in the receiver.

The name Chirp Spread Spectrum (CSS) is chosen because the chirp signal uses by definition a spread spectrum and a high correlation gain. It can be considered a pure analog spread spectrum signal.
Principles of Chirp Signals

The basic pulses of CSS are chirp signals. These are linear frequency modulated signals which can easily be described in the following way [2]:
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In this description the pulse has a rectangular envelope, and a duration of T. In this duration the frequency is linearly modulated from f0-B/2 to f0+B/2. Therefore the bandwidth of the pulse is given by B, with a nearly rectangular envelope. The parameter ( is called the chirp rate, because it is a measure of the speed of frequency changes inside the chirp signal.
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Fig. 1: Illustration of single chirp spectrogram

The main properties of the signal can easily be seen in a spectrogram. A spectrogram is a presentation of time and frequency in a three dimensional graphic. Here a windowed Fourier transformation is used, which is described in detail by [3].

In formula (1) a positive sign is used in the argument of the cosine function, which causes a frequency chirp from lower to higher frequencies. This function is therefore called an up-chirp. Obviously it is also possible to use a negative sign. Then the pulse starts with the highest frequency and ends with the lowest. Such a chirp with frequency changes in the opposite direction is called a down-chirp. Both kinds of chirp signals with the same chirp rate are nearly orthogonal to each other. 

The chirp signals are easily generated and amplified inside a transmitter. For transmission the two main advantages are the flat time and flat frequency response, which is an optimal spreading of the transmitted energy in time and frequency. This spreading makes the chirp pulses robust against interference.

These pulses are compressed to high peaks inside the receiver by a filter which is matched to the transmitted signal. One rather easy implementation of such a matched filter is a dispersive delay line made by a surface acoustic wave filter. Expecting a rectangular shape of the spectral response, the compressed pulse can be expressed with good approximation as:
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Instead of this idealized theoretical result, typically a raised cosine roll-off filtering is used in real systems. This can be easily implemented on the chirp signal to give a smooth rising and falling flank in time and frequency response.
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Fig. 2: Illustration of sequence of transmitted and received chirp signals

Due to the linearity of the compression filter, it is obvious that the transmitted chirp signals can be overlaid inside the transmitter and separated again in the receiver to achieve a high data rate. The minimum distance of the received signals is given by the Nyquist theorem as 1/B. Therefore it is also possible to design a chirp based system with a channel capacity of 1 bit/s/Hz. Furthermore, it is possible to add higher modulations like PSK and QAM to increase the capacity. Combining all of these possibilities leads to a robust, highly efficient transmission system which is called MDMA (Multi-Dimensional Multiple-Access).
One Implementation of CSS: nanoNET

The main advantage of the CSS technology is the ability to achieve a high processing gain. The first product of Nanotron Technologies focuses exactly on this feature. It is called nanoNET, and is built for the fast wireless transmission of data for applications such as sensors (sensor networks).
This product transmits data in the ISM band at 2.4 GHz which is heavily used by other applications like Bluetooth, WLAN, etc., and there are also strong interferers present like microwave ovens.

Therefore a strong robustness is required for a successful application.  This is achieved by the marvelous properties of the chirp signal itself.

Due to the high correlation gain of about 17 dB the nanoNET has the following key properties:

· Robustness against interfering signals, measured is a C/I of -6 to 0 dB

· Robustness against interferers inside the receiver

· Robustness against clipping inside the receiver

· Achieved sensitivity with single chip at BER 10-3: -93 dBm

· Reception of signals in noise is possible, S/N < 0 dB

· Frequency selective fading does not destroy the correlation

· Reception in almost any antenna position due to the large bandwidth

· Range indoor (European office environment, measurement through walls) 15 m, with -15 dBm (EIRP)

· Range indoor (line of sight) 10 m, with -30 dBm (EIRP)

· Synchronizations on carrier frequency and data clock are not necessary
· The receiver is adjusted by each frame with immediate data reception

The philosophy of nanoNET is to transmit the data as fast as possible, so that the shared channel is free again for other applications. Although data rates from many target application devices [6] are in the range of kbps, the fast nanoNET allows a sequential readout of several devices, which wake up randomly and try to transmit small data packages.

The transmission power is tunable which has two main advantages. First, it helps to save energy and therefore increase battery life time, especially if the long range is not required. Secondly, it is possible to reduce the cell size by reducing the power. In this way several nanoNET networks can coexists beside each other with little interference.

According to the use of the full band width the channel management between all nanoNET devices is rather simple and the random access method CSMA is sufficient. A strong adjacent channel rejection filter is not required for this application.

A multi carrier system with much smaller data rate in each channel is less effective according to the always present interferences between carriers, especially if a transmitter in a co-channel is located near by to a receiving station. In this case the slow data transmission causes a long blocking of the channel.

For applications with a low data rate the nanoNET TRX is therefore in sleep mode for the longest time, with a short wake up and transmission. This typical application is supported by the nanoNET TRX. It can be switched off almost completely, keeping a wake-up timer running for a programmable time. The current required for this is very low. Then the TRX will wake itself up and also the processor involved.

The Architecture of a CSS Chip

Obviously chirp signals can be used to build a very robust system [5]. The correlation gain at the receiver is achieved by an analog compression filter, which is a dispersive delay line. Today a SAW filter is used for this purpose but in the future this element will also be integrated into the chip as a digital dispersive delay line. In this case it is programmable so that different chirp signals may be used.

The typical 1Mbps mode uses two nearly orthogonal signals - an up-chirp and a down-chirp. In the first case the frequency is linearly increased in the other it is decreased. Both signals can be generated as complex baseband signals which are converted to RF by direct up-conversion. In this way a mirror frequency is avoided and the signal can be sent directly to the antenna, as shown in figure 3. In the receiver the signal is down-converted to a certain IF.  This IF is important for the following SAW filter which is the key element in the receiver.

The SAW filter is a highly sophisticated Complementary Dispersive Delay Line (CDDL) which generates at one output a compressed up-chirp and on the other a compressed down-chirp. In this way the different chirp signals are separated and can be detected with a simple envelope detector.  Obviously the architecture and resulting Eb/No curve are rather similar to a binary non-coherent FSK [4].  This means that a CSS implementation can easily approach its theoretical limits for Eb/No.
A CSS chip can generate symbols with the same duration independent from the chosen data rate. Inside the transmitter symbols of 1 (s duration are generated. For the 2 Mbps mode a higher level coding for these symbols is used.
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Fig. 3: Schematic of the transceiver module - the switch and output filter are not required

Figure 3 includes switch and filter at the input/output of the transceiver module, which are not required for all applications. Today a balun is used to connect the nanoNET TRX with a simple single ended 50 ( antenna.

Range Measurements

Indoor (European office building) measurement results for a data rate of 1 Mbps (over air interface) and BER = 0.001 are as follows:

Output power (EIRP) = -30 dBm (   1 µW)                       Distance = 5 m, 1 wall

Output power (EIRP) = -15 dBm ( 32 µW)                       Distance = 23 m, 4 walls

Output power (EIRP) = +10 dBm (10 mW)                      Distance = 50 m (extrapolated)

Both transceivers use equivalent isotropic antenna (gain = 0 dBi)

 
Outdoor measurement results for a data rate of 1 Mbps (over air interface) and BER = 0.001 are as follows:

Output power (EIRP) = +7 dBm (5 mW)                          Distance = 739 m (+/-10 m)

Output power (EIRP) = +9 dBm (7.9 mW)                       Distance = 940 m (+/-10 m)

Output power (EIRP) = +24 dBm (250 mW)                    Distance = 4626 m (+/-10 m)

Both transceivers use equivalent isotropic antenna (gain = 0 dBi)

 
Note:

1.       EIRP = 250 mW is achieved by means of a directional antenna with an effective gain = 16 dBi (includes cable loss)

Location Awareness
Location awareness can be included in a CSS chip. Obviously this is rather easy because chirp signals are well known as ideal signals for radar applications.

In the field of sensor-application this might be a big benefit, because it is possible not only to read out the information from the sensor, but also to locate it. By placing the module to a machine or automaton it can automatically be registered, which means the address of the module is linked to a certain machine at a certain position and the controller knows from the beginning were the sensor is and which kind of data it will receive.
Glossary

Matched filter

The theory of matched filters is well known. In a receiver the signal arrives together with a lot of noise. In theory this noise is expected to be white and the question is how an input filter can be designed so that the received signal to noise ratio is maximum at the filter output. The general solution for this task is to use the conjugate spectral response of the signal for the spectral shape of the filter.

Spreading in frequency

Frequency spreading means that inside a channel, if the data rate is R and the bandwidth is B, then the spreading gain is defined as B/R.
Spreading in time

Time spreading is defined in the same way as frequency spreading. A symbol of duration Tdata is spread in time to a duration Tsymbol, with Tsymbol > Tdata. For example a short rectangular pulse is replaced by a long chirp signal. Obviously, the time spreading can cause an overlapping of several transmitted symbols in a continuous data stream.  These will be separated again at the receiver by the reversible time spreading process.  
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Questions on Nanotron’s Presentation to 802.15.4 on March 11, 2003

· How do the tx and rx agree on symbol duration?  This question concerns MDMA.  In CSS, the symbol duration is fixed.
· What is the gain (advantage, not system gain)?  A better shaping factor and a simple implementation.  Please also see the list of key features.
· Is the Dispersive Delay Line programmable?  It depends on the implementation.
· Is it backward-compatible with 15.4 DSSS?  The advantage is 10%?  Yes, it is backward-compatible.  More than 10%.
· Is this like an analog signal processing Spread Spectrum?  Yes, like it.
· How much smaller die, better performance?  Depends on the process and implementation.
· Eaton, others - Need a Eb/No curve to see it better.

· Can you draw a block diagram of the receiver?  Please see the body of this paper.
· What about 802.11 coexistence?  In 15.4 backward-compatible mode, it would of course be the same as 15.4.  802.11 and CSS both use CSMA, so they tend to coexist well.  Other characteristics which help CSS include time correlation, the fact that CSS is not just an FM receiver, and the matched filter.  Also, a 3-channel CSS implementation would trade 4dB of gain (at 1Mbit) for even better coexistence.
· Please show interferers in supporting doc.  Said will define an interferer.  And link …

· What are the location-awareness benefits?  It is easy to add time measurement to improve, wideband signal, can easily locate within less than one meter.
· One microwatt, 10 meters – can we use a lithium battery and have it last a long time?  For line of sight, CSS can transmit at least 10 meters with -30 dBm.  Even in the worst case it will last several months or years.
· Can all 15 existing channels be addressed in backward-compatibility mode?  Yes.
Submission
Page 

D. Kawaguchi, Symbol Technologies
Submission
Page 

Schrader, Lampe, Nanotron 

_1119171601.unknown

_1119171602.unknown

