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Abstract

Recent advances in Software-Defined Radios have resulted in many designs becoming available for amateur radio use.  However, until now nearly all the SDRs have been available only for the HF bands, with very few designs for VHF and none for the UHF and microwave bands.  (The DSP-10 was an SDR specifically for the 144MHz band, but is no longer supported.)

This paper describes a software-defined radio specifically for the VHF, UHF and microwave bands, making use of the latest technology using direct conversion to baseband without the need for an intermediate frequency stage and offering levels of RF performance that exceed those available with a conventional transverter/IF transceiver combination.

Introduction

Software-defined radios (SDRs) are becoming ever more popular, and a wide choice of products is becoming available.  As digital signal processing technology improves, so the performance and features of SDRs improve.  Some of the benefits of SDRs are very tangible, for example the possibility of implementing very narrow filters for CW (down to 25Hz) and of course the widespread use of a band display to show the presence and level of other signals on the band (bandscope/pan adapter), with the ability to tune a signal in simply by pointing the mouse on a signal and clicking.

There can be cost benefits as well, for example the SDR-1000 out-performs just about every other HF radio apart from the Ten-Tec Orion, and is significantly cheaper than all other top-end transceivers even with the additional cost of a high-performance sound card.  The reason for this is that by applying the proper care and attention to the design, some components such as IF filters can be removed altogether, these functions being performed digitally, and all the manual controls are handled by software.

SDRs are in use by a number of microwave operators already, but only as a replacement for a 28MHz or 144MHz IF transeiver.  The author is not aware of any SDR currently available (Summer 2007) for the amateur radio market that will cover the bands 144MHz and higher.

In the Spring of 2006 a group was formed with the intention of designing an SDR for the VHF and microwave bands, using the latest technology and components.  The architecture is the same as any other I/Q SDR (Softrock, SDR-1000 etc) but with the RF section working at microwave frequencies, being converted to/from baseband with no intermediate stages.

At the time of writing (August 2007) the hardware design has not yet been finished, and all figures presented here are based on simulation results with the exception of those for the synthesised Local Oscillator where measurements have been taken on a breadboard built to the same design as that intended for the real product.

Overview

Figure 1 gives a top-level overview of the uWSDR concept.  Two PCBs are used, being connected in-line with a pair of 64-way DIN41612 connectors.  One PCB has the RF circuitry, and the other has the baseband, CPU and PC interface circuitry.  
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Figure 1 – RF and Baseband PCBs

The RF board consists of three sub-modules :-

i) Local Oscillator, which is common to both the transmit and receive sections

ii) Receiver, with LNA, RF filter, I/Q downconverter and baseband filters

iii) Transmitter, with I/Q upconverter, Tx buffer stage and low-pass filter.

The baseband board consists of three sub-modules :-

i) High-performance dual analogue to digital converter with clock circuitry

ii) Dual digital to analogue converter

iii) Microcontroller

Both the RF board and the baseband board measure 80mm x 100mm, so when they are connected together they occupy the same footprint as a standard Eurocard (160 x 100mm).

It is intended that the uWSDR is small enough to be mounted at the masthead, and that the receiver noise figure is low enough such that an external pre-amplifier will not be necessary for terrestrial use.  The transmit output power will be approximately 100mW which is enough to drive many types of external power amplifiers, particularly those found on the surplus market.

Due to the possibility of the uWSDR being mounted remotely, some distance away from the operating position, it has been decided to use Ethernet as the interface between the uWSDR and the host computer.

The RF board is intended to cover one band, and therefore multiple uWSDRs will be required to cover multiple bands.  The first RF board being developed is for the 2.3GHz band.  This is the most fragmented band worldwide in the entire amateur spectrum.  The table below gives the currently known allocations within the 2.3GHz band :-

2300MHz – Australia


2396MHz – New Zealand

2304MHz – North America

2400MHz – Satellites

2308MHz – Switzerland

2403MHz – Australia

2320MHz – Europe


2424MHz – Japan

Due to this fragmentation, and the intention to make the uWSDR project available and usable worldwide, a goal was set to make the 2.3GHz uWSDR cover the whole band 2300-2450MHz, with no gaps, has proven to be quite a challenge to achieve this coverage with no gaps.

2.3GHz Receiver

The architecture of the Rx. part of the uWSDR is shown in figure 2:-
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Figure 2 – 2.3GHz SDR receiver

The input signal is amplified by two cascaded low-noise MMICs, type SPF-5043.  The signal is then filtered with a 3-pole helical bandpass filter which covers the whole band 2300-2450MHz, part number TTW3839B-2375M.  The signal is then fed to a Linear Technology LT5575 which is a high-performance I/Q downconverter that can operate from 800MHz to 2.7GHz.   The I/Q downconverter converts the input signal into two baseband signals which are 90 degrees out of phase but otherwise identical.  The I/Q demodulator has a single Local Oscillator input, which is split into two and applies a 90 degree phase shift to one branch.  Each of these LO signals is used to mix the RF signals direct to basesband.  The resulting signals are then low-pass filtered and amplified, where they can be sampled with a ADC and digitally processed.

The LT5575 has a very wide dynamic range, with an Input IP3 of +23dBm and a noise figure of 12dB.  This gives a theoretical Spurious-Free Dynamic Range of 100dB in a 2.4kHz bandwidth, which is more than most HF receivers!  It is the use of this high-performance downconverter in conjunction with a high-performance ADC on the BB board that gives the receiver such a wide dynamic range, which is far in excess of any currently available transverter/IF radio combination.  The overall system dynamic range of the uWSDR receiver is reduced by the need for external low-noise amplification, but still gives an outstanding result.

The differential I/Q outputs of the LT5575 are low-pass filtered and then unity-gain buffered and level shifted to 2.5V DC as required by the ADC on the baseband board. 

The gain of each of the LNA MMICs is 12dB, the loss of the filter is 4.5dB and the gain of the LT5575 is 2.5dB.  This gives a total gain of 22dB, before the op-amps.  The system noise figure is approximately 2dB (including circuit board losses) which is just low enough for terrestrial use.  The in-band input intercept point is approximately +4dBm which is far greater than any 2.3GHz transverter-based system.

2.3GHz Transmitter
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The architecture of the Tx. part of the  uWSDR is shown in figure 3 :-

Figure 3 – 2.3GHz Tx

The I/Q signals from the Tx Digital to Analogue Converter on the baseband board are applied to the TX I/Q upconverter, which is an Analog Devices ADL5372 which operates over the frequency range 1500MHz to 2500MHz.   The I/Q signals are AC-coupled and then level-shifted to 700mVpk-pk, (1.4V pk-pk differential) which is the optimum drive level for the ADL5372.

The Tx. LO signal at a level of 0dBm is applied to the LO+ port of the ADL5272.  The LO- port is AC-coupled to ground with a capacitor.  It is not necessary to use a differential LO signal for the ADL5372.

The ADL5372 is capable of a remarkable performance in terms of the levels of the spurious outputs, the most significant being the carrier suppression and unwanted sideband suppression. Unwanted sideband suppression is a function of the amplitude and phase balance of the I and Q signals.  This can be adjusted in small increments in software, and the use of 16 bit DACs on the baseband board theoretically allows for amplitude corrections as small as 0.0015%, i.e. 0.00013dB.  However, in practise the full 16 bits of the DAC will not be useable,  but even so very fine adjustments of the phase and amplitude are possible which should allow unwanted sideband suppression of >60dB to be achieved, which is comparable to that of a conventional HF or VHF transceiver.

Carrier suppression can be greater than 80dB by applying small analogue offsets to the differential

I and Q inputs.  A means of performing this has currently not yet been finalised, although several possibilities exist.

The output level of the ADL5372 is approximately 7dBm.    This is amplified to a level of approximately 200mW with a Sirenza SXB2089Z MMIC.  This MMIC is housed in a standard SOT-89 package, and operates from a 5V supply.  The 1dB compression point of this MMIC is approximately 300mW, and it is anticipated that most users will run the transmitter at lower power levels than this due to the low-drive requirements of most surplus power amplifiers, particularly the Spectrians. 

The use of a MMIC in an SOT-89 industry standard package means that there is plenty of opportunity to change this MMIC if required.

2.3GHz Local Oscillator

The local Oscillator  is based on the LMX2486 from National Se ductors, which is a new high-performance Fractional-N Phase-locked Loop IC.  The block diagram of the LO is shown in figure 4:-
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Figure 4 – 2.3GHz Fractional-N synthesiser

The PLL uses a reference frequency of 20MHz.  This is derived from a standard 0.5ppm TCXO in a 5x7mm surface mount package.  Most Integer-N PLLs would divide this reference frequency down to a lower value comparison frequency such as 1MHz.  The use of a Fractional-N PLL allows for a much higher comparison frequency, and the uWSDR has a comparison frequency of 20MHz.   Such a high comparison frequency gives the lowest possible noise contribution from the phase detector, and it is this reason that makes Fractional-N technology suitable for this application.

The output of the phase-frequency detector is filtered with a 4th order active low-pass filter.  An active filter is required because the LMX2486 has a maximum supply voltage of 3.6V, which is insufficient to tune the VCO up to 2.45GHz.  The op-amp used in the active filter is an LM6211, which is a very-low noise op-amp specifically designed for use in PLL active filters, and has a particularly low current noise of approximately 0.01pA/(Hz as well as low voltage noise, low flicker corner frequency and other highly desirable characteristics.

The output from the loop filter is the tuning signal for the VCO.  This is a V804ME14 from Z-Comm.  It covers the range 2.3-2.45GHz with a supply voltage of 5V and tuning voltage of 0.5 – 4.5V.  A sample of the output signal is fed back to the PLL IC, where it is divided down to the 20MHz reference frequency.  The use of a VCO operating directly in the microwave band has a number of advantages, including the total absence of any sub-harmonic frequencies and the elimination of any frequency multipliers with their associated circuitry and tuned circuits.

The LMX2486 has a number of features that make it suitable for this application.  It will operate with an input frequency of up to 4.5GHz, and has a 22-bit fractional modulus that allows division ratios with the numerator and the denominator being up to 22 bits long.  This allows for extremely small step sizes if required, and in this case it is possible to set the synthesiser step size to less than 5Hz with a 20MHz comparison frequency.  However, the PLL step size will be around 10kHz, which smaller steps down to 10kHz being performed in software.  The use of a larger PLL step size allows the loop filter to reduce the spurs somewhat.  The LMX2486 also has an on-chip sigma-delta modulator of either 2nd, 3rd ro 4th order, which helps to reduce the levels of the fractional spurs.  Dithering can also be used to further reduce spur levels.

The phase noise of the LMX2486 with an 8kHz 4th-order loop filter and the Z-Comm V804ME14 VCO is shown in figure 5.

This graph has three plots; the upper plot is of the LMX2486 with a 10MHz comparison frequency.  The centre plot shows the effect of using the on-chip reference doubler to generate a comparison frequency of 20MHz.  (Note that the loop bandwidth is not a function of comparison frequency, and therefore no changes are required to the loop filter if the comparison frequency is changed.)  The lower plot shows a VHF crystal oscillator/multiplier with an output at 2.5GHz for comparison.  Clearly the phase noise of the PLL at offsets between about 200Hz and 40kHz is lower for the crystal oscillator.  However, the phase noise of the LMX2486 is still low enough for the vast majority of narrow-band communications at 2.3GHz, and is low enough to be multiplied to a higher frequency such as 5.7GHz, 10GHz or even 24GHz.  

The LMX2486 is programmed via a standard 3-wire serial interface from the CPU on the baseband board.  The LMX2486 does not have any non-volatile memory, so the programming data needs to be sent on power-up.  However, once the data has been sent it will remain until power off, so no further data is required to be sent unless there is a change of frequency in which case a sinlge 24-bit block of data is required to be sent.
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Figure 5 – Phase noise of 2.3GHz Synthesiser. 

(Phase noise capture software by John Miles KE5FX[1])

Note that the levels of fractional and sub-fractional spurs are below the noise; the spurs at low frequencies are line related (50Hz) and are generated within the spectrum analyser.

External Reference Input

Provision will be made to allow an external 10MHz reference signal to be applied to the synthesiser.  This is likely to be a popular choice, as 10MHz OCXOs are readily available at a reasonable cost and can be phase locked to a higher quality standard such as GPS if required.  If the external 10MHz reference is used, then the on-chip reference doubler of the LMX2486 is enabled which will generate the 20MHz comparison frequency from the 10MHz reference input.

Baseband board

The Rx. digital signal processing consists of first converting the analogue I/Q signals into digital samples with the use of an Analogue to Digital Converter.  Many SDRs such as the Softrock and the SDR1000 require the use of a high-performance sound card to do the analogue to digital conversion; the soundcard has to be high performance in order to get the best performance from the SDR hardware.  The uWSDR project uses it’s own ADC which is on the baseband board, and for the transmit path there is also a Digital to Analogue Converter which generates the transmit I/Q signals.  Therefore, no extra soundcard is required.  The reason for implementing the ADC and DAC functions on the baseband board is that the project has total control of these functions, which allows the performance to be optimised for this application without the need for software drivers being provided externally to the project.  It also has the advantage that no extra soundcard is required which cuts the overall cost considerably.

The block diagram of the baseband board is shown in figure 6:-
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Figure 6 – baseband board

Analogue to Digital Converter

The ADC chosen for this project is the AK5394A from AKM, which is the same ADC as used on the Janus board as part of the High Performance SDR project [2].

This ADC is one of the best currently available.  It is a dual-channel 24bit device which can be clocked at up to 192ksps, and has very little increase in noise at the highest sampling rate.  This gives it a dynamic range of up to 123dB, which is greater than needed for most microwave bands.  However, the baseband board is designed to be generic and will be used on all the bands from 70MHz to 24GHz, and some of the bands do require a very wide dynamic range, particularly 144MHz, 432MHz and 1296MHz.  Also, the use of a high-dynamic range ADC in conjunction with a high-dynamic range I/Q downconverter such as the LT5575 means that no hardware AGC is required.  This considerably simplifies the design, and means that the AGC function is performed entirely in software.

Digital to Analogue Converter

The DAC chosen is the PCM1740E from Texas Instruments.  The requirements for the DAC are considerably less than for the ADC, because the job of the DAC is much simpler due to the much lower requirements for dynamic range and bandwidth.  The receiver has to sample a large bandwidth for the bandscope, and be able to handle signals from the very large to the very weak.  The transmitter simply has to generate a narrowband signal (e.g. SSB speech) and the source (microphone) generates a high signal-to noise ratio, thus reducing the dynamic range requirements considerably.  In theory an 8-bit DAC could be used; however the use of a 16-bit DAC means that the amplitude and phase of the I and Q signals can be adjusted in small increments, which allows for fine tuning of the carrier (LO) suppression in the I/Q upconverter.

The PCM1740E also has a sophisticated PLL which generates the sampling clock for the receive DAC from an on-chip crystal oscillator which is controlled by a low-cost standard frequency crystal.

CPU

The CPU is an Atmel AT91SAM7X256.  This is a high-performance 32bit microcontroller based on the ARM7 core.  It has 256k of Flash memory, 64k RAM and has an on-chip Ehternet interface.  It is supplied in a 100pin TQFP package.

The CPU is used to input the serial receive data from the ADC and send it to the host PC  via the Ethernet connection.  It is also used to take the transmit data from the PC via the same interface and send it to the DAC.   This requires a considerable amount of processing power, and a custom UDP stack is being written to ensure that the data is converted to/from the correct packet format with as little CPU latency as possible in order to allow the maximum transfer of data between the uWSDR and the host PC.

In addition, the CPU has to initialise the PLL synthesiser on the RF board at power up and whenever the user requests a frequency change.

Note that the CPU does not do any digital signal processing as such; the job of the CPU is to take the raw data from the Rx DAC and assemble it into UDP packets that can be sent over the Ethernet link, and on transmit to take the data from the Ethernet link and remove all the packet structure and other formatting and send the raw data to the Tx DAC.   The DSP proper is all  handled within the host PC.  

(This highlights the difference between a DSP-based radio and an SDR – many radios implement digital signal processing using a dedicated DSP sub-system, such as the Ten-Tec Orion and the SDR-10.  Whilst this has a number of considerable advantages over a conventional analogue radio, such as improved filters, noise blankers etc., the user is limited as to what the radio can do – for example there may be no way to implement new datamodes or change the functionality of the user controls.  With an SDR, the DSP is usually performed in a the host PC along with the GUI and other tasks.  This gives the user total flexibility over how the radio operates.  The uWSDR is a true SDR in this sense.)

Host PC Interface
The interface between the uWSDR baseband board and the host PC is via a 10base-T Ethernet link.  This has many advantages over the more common USB link used by most SDRs.  The primary reason for choosing Ethernet is that long cable runs can be accommodated, which is essential if the uWSDR is to be mounted at the masthead.  A secondary advantage is that cheap CAT5 or CAT6 cable can be used to connect the uWSDR to the host PC.

The transport protocol used for communicating with the PC is User Datagram Protocol, rather than the more commonly known Transport Communications Protocol.  UDP is designed for the fast and efficient transfer of packets, rather than the reliable transfer of packets.  Therefore UDP is more suitable in applications such as this where a lot of data is required to be sent (from the ADC on the baseband board receiver) to the host PC.   If data packets are lost, no attempt is made at re-transmission, instead the next packet is sent.  In this case the worst that will happen is that a glitch may be heard in the received audio.

UDP sits on top of the common Internet Protocol, and therefore each uWSDR transceiver will have an IP address.  On the transmit side, data (such as digitised speech) will be sent from the PC to the uWSDR.  Note that the bandwidth of the transmit data will be much less than the bandwidth of the receive data – it is only necessary to sample speech at 8k samples per second, and only 8 bits per sample are required, which will give natural sounding speech. (Not to be confused with the Tx DAC generating the Tx I/Q signals which have 16-bit resolution).  On the receive side, the sampling rate will be 96k samples per second, and each sample will be of 24 bits.  This will give a received bandwidth of up to 48kHz with a very wide dynamic range.

Control signals from the Host PC to the uWSDR, such as frequency information and Tx enable, are multiplexed into the data stream.

Graphical User Interface

The GUI has been designed from scratch.  It is intended to be a simple, user-friendly interface which looks similar to a conventional transceiver.  The layout is based on the IC706, and features which are not used very often such as the frequency entry keypad, CW keyer etc. are available via a simple menu structure.

A screenshot of the GUI is shown in figure 7.

The rotary controls can be changed by moving the mouse over the appropriate control and using either the left or right buttons for up/down.   Different filters can be selected from the front panel, as can the mode, RIT on/off and Tx on.  Four VFOs are provided as standard, which are arranged as two pairs

The latest version of the software can always be downloaded free of charge from the project website [3], and a version is available for use on the HP bands with the Softrock SDRs.
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Figure 7 – Graphical User Interface

.

DttSP core

The modulation of the transmit data into Tx I/Q format, and the corresponding demodulation of the Rx I/Q data is done within the DttSP core [4].  DttSP is where all the digital signal processing, filtering, Fourier and inverse Fourier transforms and a whole host of other things takes place.  DttSP was originally written in ANSI-C, but has been re-written and is being maintained in C++ by Jonathan Naylor ON4KLX.  It is the DttSP software that performs functions such as AGC, S-metering, noise blanking, filtering etc., and this core software is exactly the same as used by other SDR programs such as PowerSDR which is used with the SDR-1000 and Flex-5000 SDRs for the HF bands.

User Interface

The physical interface to the user is via a PC running either Windows or Linux operating systems, or an Apple MAC running OSX.  All three software platforms are supported.  The microphone and loudspeaker functions are performed with a headset, which many will be familiar with either from using programs such as Skype or form using other SDRs.  This headset interfaces to the standard soundcard in the PC, no additional soundcard is required as the high-performance digital to analogue and analogue to digital conversion is performed on the baseband board.

Other interfaces such as a morse key for CW operation can be performed via a standard serial card.  Newer PCs may need the addition of a PCI- or PCMCIA-based serial card in order to use a morse key.

Open Source Design

One of the over-riding principles of the uWSDR project is that it will be entirely open-source, for both the software and the hardware.  As such the software is licensed under the GPL and the hardware will be licensed under the one of the Open Hardware Licences such as the TAPR Open Hardware Licence [5] or the Balloon Open Hardware Licence [6].

Other  bands

This paper has discussed just the 2.3GHz uWSDR.  It is planned to cover all the bands from 70MHz to 24GHz in a similar way with one PCB for the RF functions and a common baseband PCB. 

A version for 144MHz is already in development, and uses a similar architecture as the 2.3GHz version.  The 144MHz version will use the same PLL synthesiser as the 2.3GHz version, but divided down to 144MHz which gives a 24dB improvement in phase noise.  The 144MHz version can be used either stand-alone for operation on the 2m band or with conventional trasnverters for the microwave bands.

It is also planned to have special versions, e.g. 1.3GHz Tx and 2.4GHz Rx full duplex for satellite use.   This will require a special build of software and probably other modifications to the baseband board.

It is also hoped that the baseband board can support an Ethernet switch, which would allow the Ethernet connection for multiple uWSDRs to be ‘daisy chained’ such that only one Ethernet cable would be required to connect to the host PC.

Project Status

The uWSDR project is still in the development phase, and will continue to be developed for some considerable time.  At the time of writing (August 2007) the design of the 2.3GHz RF board is well underway, and first PCBs are expected later in the same year.  The design of the baseband board is also well underway.  The GUI software is at an advanced stage, and a version of this software has been written to support the Softrock receivers, and real QSOs have been made with this software.  Work has also been started on the firmware for the AT91 CPU, but no work has been done on any mechanical design for a mast-head housing.

Project Team

The uWSDR project consists of the following :-

Tobias Weber

DG3YEV

Chris Bryant

G3WIE

Michael White

G3WOE

Neil Whiting

G4BRK

Chris Bartram 

GW4DGU

Jonathan Naylor
ON4KLX

and the author.  

Others too numerous to mention have made a contribution to this project which is greatly appreciated by the project team.

All the design work for this project is being done on a voluntary basis.  The team would be very grateful for any offers of help in any of the following disciplines :- RF design, software, mechanical design, PCB layout, documentation, web site/wiki maintenance.  Details can be found on either the project website or the project Yahoo group below.
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