Receiver Architectures

Revision notes by Michael Prior-Jones based on course by Myles Capstick

TRF receivers

Use of tuned bandpass amplifiers (often several in cascade) to provide gain prior to detection. Prone to oscillation. Requires all filters and amplifiers to tune to the same frequency. Consequently hard to tune and no longer used.

Superheterodyne receiver

Patented by Armstrong in 1917

RF signal is mixed down to intermediate frequency by local oscillator and then detected. IF frequency is constant: tuned by altering LO frequency.

Zero-IF receiver

Variant on Superhet: RF is mixed directly to baseband and then put through a low-pass filter. No specific detector circuit. Used in mobile phones and pagers.

Advantages: simple construction, minimal component count.

Disadvantages: LO at same frequency as RF, so leakage can be a problem. Demodulates both sidebands, so noisy on SSB transmissions. Phase of LO can drift w.r.t. phase of carrier, giving fading problems. Can be improved by phase-locking LO to RF (homodyne receiver), or by using quadrature LO and two mixers, then combining I and Q components after filtering. This variant is also used for receiving quadrature-modulated digital radio.

Multiple-conversion superhet

Use several LOs and IFs to minimise image noise from mixers. Consumer kit generally uses dual-conversion, pro kit can be triple or quad-conversion.

Software radio

RF signal is fed into A/D and demodulated by DSP. Only practical at low frequencies due to limitations of A/D speed. Hybrid systems available using analogue downconversion and A/D at IF.

Receiver performance metrics:

Sensitivity:

Measure of how the rx responds to weak signals: RF power level input required to give certain BER or S/N ratio at output.

Selectivity:

Rejection ratio for adjacent channels: number of dB attenuation of adjacent channels w.r.t. wanted channel.

Capture Ratio:

How well the receiver rejects weaker co-channel signals. Typically only a few dB.

Spurious response rejection:

Rejection ratio for channels which are not on the desired channel but are mixed down to IF.

Intermodulation rejection

Amount by which the receiver rejects nonlinear products of mixing, notably third-order intermodulation products (IP3s).

Receiver self-quieting

Amount by which the receiver is losing sensitivity because of harmonics of LOs capturing detector.

Hum and noise

Noise floor of output signal

Distortion of demodulated signal

Audio harmonic distortion of output

EMC

Amount of RF radiated, and sensitivity to interference from other devices.

Architecture of Dual-Conversion Superhet

Antenna:

Must be connected to DC ground to avoid damage to RF stages by electrostatic build-up.

Transmit/receive switch or duplexer

In tranceivers sharing an antenna, either a switch or RF duplexer to split tx and rx signals with minimal leakage of tx into rx.

Duplexers are bulky and have relatively high insertion loss.

Front-end filter

Pre-selector: limits bandwidth of RF signal reaching input amplifier

LNA

Low noise amplifier: noise figure here is often limiting factor for whole receiver performance, so needs to be minimised. Also needs high reverse isolation to prevent LO escaping!

Image filter

Attenuates noise at the image frequency.

Mixer

Needs high intercept point; low LO leakage; good RF-IF isolation; low insertion loss.

Can be active or passive. Passive circuits have best noise performance but require high LO power. Active circuits often have low intercept points.

Local Oscillator

Minimum phase noise (i.e. phase drift) required. Low harmonic output (can use injection filter to cure this). May be analogue (crystal & PLL) or digital (direct synthesis)

1st IF stage

Gain and bandpass response to give maximum sensitivity and selectivity and attenuate image of 2nd IF.

2nd IF stage & demodulator

Again, determines selectivity. Needs to reject spurious responses.

Spurious responses:

Many possible spurious responses are possible, and minimising them is most of the art of RF design! Common spuriae are caused by harmonics of LO mixing down out-of-band signals.

Calculating overall noise figure:
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Calculating sensitivity from noise figure:
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k = Boltzmann’s constant

T = ambient temperature (290K)

B = receiver channel bandwidth

SNR = desired minimum output SNR (typically 6dB)

The sensitivity is the minimum RF power required to give the minimum desired SNR.

Calculating overall 3rd order intercept point

Given the IP3 of each stage:

· for each stage, convert the IP3 to an input level by subtracting gains of previous stages (and adding losses)

· convert values from dBm to mW

· Add intercept point powers in parallel: 
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· Convert overall figure back to dBm.

NB: you only need to include stages as far as the first IF filter.

Spurious free dynamic range
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IP3 is the system third order intercept

N is the output noise floor.

Both are in dBm, and the SFDR is in dB.

Blocking

If a large off-channel signal enters the front-end of the receiver then it may overload, reducing the gain available to the wanted channel. This is called compression, and if the wanted channel is very weak then the effect may cause the received signal to drop below the required SNR, and this is known as blocking.

RF Receiver Design Process

1. Allocate approximate gains and losses for each stage, to meet overall requirements for sensitivity and intercept points.

2. Select the 1st IF frequency

3. Select the first LO injection side (i.e. is LO higher or lower than RF)

4. Select mixer type

5. Select LO type to maximise mixer performance

6. Select filters

7. Design LNA for best noise performance (or buy from Mini-Circuits!)

AGC

Ideally, both strong and weak signals should result in similar signal levels entering the demodulator. This is done by reducing the gain of the receiver when strong signals are present. Can be done with voltage-controlled amplifiers or voltage-controlled attenuators. AGC also helps to keep intercept points down, as stages after the AGC will receive signals with low dynamic range.

Modulation Schemes

Analogue modulation:

· FM: change frequency

· PM: change phase (can’t carry DC unless supply phase reference)

· AM (DSB): change amplitude – two sidebands and carrier

· DSB-SC: as above, but filter out carrier (dc component)

· SSB, SSB-SC: only transmit one sideband, with or without carrier

Digital Modulation:

· FSK: change frequency

· PSK: change phase

· ASK: change amplitude

Constant-envelope modulation schemes (i.e. those that don’t depend on amplitude information) can be used with high-efficiency power amplifiers, operated close to saturation point.

The I-Q modulator:

This is a circuit that can be used to generate most modulation schemes. It takes two input streams and feeds each to a seperate mixer. The mixers are driven by a quadrature LO, so that one signal is “in-phase (I)” and the other is “quadrature (Q)”. The two outputs are then added together to generate the modulated output.

QPSK modulation:

Alternate bits are converted to bipolar signals and fed to each arm of the IQ modulator. Each two-bit combination generates a different output phase, so there are four phase states. However, because of the bipolar input, both I and Q components are present in all states. Also, the modulation scheme allows both I and Q to change phase simultaneously, resulting in a non-constant envelope modulation scheme.

QPSK may be demodulated by an IQ demodulator (same as modulator, just fed the other way around!), sampled and regenerated into a single bitstream.

Offset-QPSK (OQPSK) is a variant in which the state of the Q-component changes half-a-bit-period after the I-component. This makes the signal envelope a closer approximation to constant.

M-PSK is QPSK with M states. QPSK could otherwise be described as 4-PSK.

MSK:

This scheme has four phase states, but only carries one-bit-per-symbol (as against QPSK’s 2bps). In MSK, a “1” is represented by adding 90 degrees to the previous state, and a 0 by subtracting 90 degrees. This is very robust, but not very spectrally efficient. Applying a Gaussian filter to the datastream before modulating results in GMSK, which is more efficient but less robust, and is used in GSM mobile phones.

M-QAM

This is like QPSK, but having amplitude states as well as phase states. 16-QAM carries 4-bits per symbol, 64-QAM carries 8 and 256-QAM carries 16. As the bps rises, the robustness goes down.

CDMA

Data is multiplied by high-frequency spreading code. Each user has their own code, so multiple users can operate over same channel simultaneously.

Transmitters:

Transmitters may be directly modulated at the carrier frequency, or they may up-convert a signal generated at a lower frequency. Up-converting transmitters are become less common as oscillator technology improves, but they are still used for SSB, and for microwave frequencies.

Frequency Synthesis: the phase-locked loop.

PLLs use a hybrid of analogue and digital techniques. A voltage-controlled oscillator generates the output, which is fed back through a digital divider circuit to a phase comparator, which compares the phase of the divided signal with a reference oscillator. The phase comparator then adjusts the VCO phase to keep it in phase with the reference. This means that the VCO can generate any integer multiple of the reference frequency. The reference normally comes from a low-frequency crystal oscillator, which is extremely stable.

CDMA

Advantages:

· no timing requirement

· system degrades gracefully

· resistant to interference and multipath

· dense frequency reuse in cellular systems

· controlled interference to others

· low probability of eavesdropping

CDMA receivers multiply the incoming data by the same spreading code as the transmitter, which “unspreads” it back into a meaningful format. This also has the effect of spreading out any interfering carriers, and reduces the level of interference by an amount equal to the ratio of code rate to data rate.

PLL Synthesisers

Phase detectors: generally four-quadrant multipliers (double-balanced mixers) or digital circuits employing D-types.

Loop filters: standard control-theory stuff.

Direct Digital Synthesis:

reference clock (square wave oscillator) drives a counter circuit, known as a phase accumulator which counts and rolls round continuously. The value of the accumulator is then fed to a look-up ROM which generates the value for that part of the wave. Output of ROM is fed to D/A and filters. Frequency limited by Nyquist criterion that sample rate (reference freq) must be double maximum sampling frequency. High clock frequency relative to output frequency increases spectral purity.

Digital Down Conversion:

Digital implementation of superhet receiver: incoming RF is A/D converted: “local oscillator” is DDS circuit (minus a D/A) driving a digital multiplier which acts like a mixer. Digital filtering techniques are used to remove high-frequency components and then the high-sample-rate stream is decimated to reduce sample rate to one appropriate to the baseband signal. Output is a datastream.

Limited by clock speed, A/D sample-and-hold speed, although can exploit Nyquist: undersampling the input signal will preserve modulation, as long as unwanted signals at baseband frequencies are removed first!

Carrier Synchronisation:

If coherent detection is used, LO must be closely phase-matched to incoming signal. This can be done by several methods:

· decision-directed carrier recovery: use PLL technique to keep LO locked to incoming signal, but identify packet preambles to determine correct phase of signal.

· non-decision directed: Squaring Loop: squares (BPSK) signal and locks to 2nd harmonic. Costas Loop: locks to changes of modulation polarity. Both get carrier synchronised, but may have data inverted.

Data synchronisation:

· deductive: extract timing data from signal directly. Reproduces signal jitter.

· inductive: PLL driven by data to generate timing signal.
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