Definitions and a Glossary of Terms for IQ Modulators
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(IQ Modulator Block Diagram, 
Source: Keysight Technologies I/Q Modulation Considerations for PSG Vector Signal Generators, p.3)
1. LO frequency range - the range of local oscillator (LO) input frequencies over which the modulator meets its specified performance parameters.

2. LO input power - the power level of the LO signal that must be applied to the LO port of the modulator to ensure correct switching of the internal mixers and to meet performance specifications.

3. RF frequency range - the range of output frequencies over which the modulator meets its specified RF performance parameters.

4. Baseband (I/Q) bandwidth - the range of baseband input frequencies applied to the I and Q ports over which the modulator maintains its specified performance.

5. Carrier (LO) leakage / feedthrough - the power of the unmodulated LO component present at the RF output when the I and Q inputs carry no modulation (i.e., zero differential baseband input with the required common-mode bias). Typically specified in dBc relative to the desired RF signal power, or sometimes dBm absolute.

Note: LO leakage is caused by the two mixers not being identically matched and balanced. LO leakage is dependent on carrier frequency. Ideally, when I/Q are common-mode bias, the RF output should be zero. When the LO leakage is not zero, the LO tone appears as a spurious component in the output spectrum. It adds a DC offset (shift) in the constellation, hence increasing the EVM. It can also violate spectral mask requirements - the maximum permitted power spectral density of a transmitted signal as a function of frequency offset from the carrier.

6. I/Q gain (amplitude) imbalance - the difference in signal amplitude between the I and Q signal paths of the modulator. It is expressed as the amplitude ratio between the I and Q channels, typically measured in dB.

Where  = I-channel amplitude, = Q-channel amplitude.
Note: I/Q gain imbalance is caused by unequal gain in the baseband paths, LO quadrature paths, mismatch in baseband amplifiers, or mixer stages. The presence of I/Q gain imbalance increases image/sideband leakage, reduces sideband suppression (SBS), lowers image rejection ratio (IRR), increases EVM, distorts constellation (points become stretched or rotated).

7. Quadrature phase error / I-Q phase imbalance - the deviation of the phase difference between the I and Q signal paths from the ideal 90° quadrature relationship. Measured in degrees (°). Sideband suppression depends on quadrature error approximately as:


Note: Quadrature error arises from imbalance in the LO quadrature generation, baseband paths, or mixer stages. This has the effect of producing an undesired image which does not depend on I/Q modulating frequency and increasing EVM. Phase error of 1 deg ~ 41 dBc SBS, 2 deg ~ 35 dBc SBS, 5 deg ~ 27 dBc SBS.

8. Sideband suppression (SBS) - the difference in power between the desired sideband and the undesired sideband generated by the modulator when producing a single-sideband (SSB) I/Q tone. It quantifies how effectively the modulator suppresses the unwanted mixing product at the opposite sideband.
SBS is measured at the RF output spectrum of the transmitter and is typically expressed in dBc relative to the desired sideband.




Note: undesired sideband is the unwanted mixing product that appears at the opposite sideband frequency due to I/Q imbalance. SBS is degraded by I/Q gain imbalance, quadrature error, LO leakage, mixer mismatch. Poor SBS reduce signal purity, influences spectral mask compliance, increases EVM.
In order to measure sideband suppression, the modulator has to be driven by a single complex baseband tone – not a wideband digitally modulated waveform like QAM or PSK.

9. Image rejection ratio (IRR) - the ratio of the receiver response to a desired input signal to the response at the image frequency, which appears due to I/Q imbalance. It measures how well a quadrature receiver suppresses signals located at the mirrored image frequency. IRR is expressed in dB.



Note: image frequency is the RF frequency that produces the same IF output as the desired signal when mixed with the LO. IRR is degraded by imperfections such as IQ gain imbalance, quadrature error, mixer mismatch, LO amplitude imbalance, baseband path mismatch. 
Difference between SBS and IRR: SBS measures suppression of an unwanted sideband produced by an IQ modulator, while IRR measures suppression of a mirrored input frequency response in a quadrature receiver. For a single-tone IQ modulator test, the undesired sideband frequency and the image frequency are the same mirror frequency around the LO. So numerically,



But they describe different system behaviors.

10. I/Q common-mode bias - the DC voltage applied equally to both inputs of the differential I or Q signal pair that establishes the operating point of the modulator’s baseband input stage.

Note: The internal baseband amplifiers or mixers require a specific DC operating point. Proper bias ensures linear operation, correct gain, minimal distortion. Incorrect I/Q common-mode bias can cause LO leakage increase, distortion, reduced gain, clipping.

11. Insertion loss / Conversion gain - the ratio between the output RF signal power and the input (baseband) signal power driving the modulator. It describes how much signal power is lost or gained during the modulation (frequency conversion) process. Measured in dB.

Where  is the RF output power,  is the input baseband power.
Note: this parameter affects output RF power, system gain budget, SNR and dynamic range, power amplifier requirements.
12. Voltage conversion gain - the ratio of the RF output voltage to the differential baseband input voltage applied to the I and Q ports, describing how efficiently the modulator converts baseband modulation into RF output amplitude. Measured in dB.


Where  is the RF output voltage amplitude,  is the differential baseband input voltage.

13. RF output power - the power level of the modulated RF signal present at the RF output of the IQ modulator under specified operating conditions (LO drive level and baseband input amplitude). Measured in dBm. Usually specified under a certain condition, such as , Value = 0 dBm.

Note: The RF output power depends on I/Q baseband amplitude, conversion gain, LO drive level, load impedance, device linearity limits.

14. Return Loss/VSWR - a measure of the impedance matching of a port, indicating how much signal power is reflected due to impedance mismatch. Return loss is expressed in dB and VSWR is a corresponding ratio describing the same effect.

15. Isolation (LO-RF, LO-baseband, RF-baseband, I-Q crosstalk) - the attenuation of undesired signal coupling between different ports or signal paths of the IQ modulator. It quantifies how much signal from one port leaks into another port. Measured in dB.

Where  is the signal power applied to the driven port,  is the power measured at the undesired port.
	RF-LO isolation - leakage of the LO signal to the RF output port.
	LO-baseband isolation - LO signal coupling into the I/Q baseband ports.
	RF-baseband isolation - RF signal coupling into the baseband circuitry.
I-Q crosstalk - coupling between the I and Q signal paths.
Note: Poor isolation causes carrier leakage, image/sideband distortion, baseband interference, degraded EVM, instability or feedback in the system.

16. Output 1 dB compression point (P1dB) - the RF output power level at which the modulator gain decreases by 1 dB from its small-signal value when the baseband I/Q input amplitude is increased, with the LO drive held constant.

Note: P1dB determines the maximum usable output power before distortion increases significantly. Operating above this point can cause increased EVM, spectral regrowth, degraded ACPR, reduced modulation accuracy. (Spectral regrowth is the spreading of a signal’s spectrum into frequencies outside its intended bandwidth due to nonlinear distortion. Adjacent Channel Power Ratio measures how much power leaks from the main channel into adjacent frequency channels.)
When the baseband is voltage-controlled, in the linear region, 1 dB increase in input baseband voltage results in 1 dB increase in RF output power.

17. Third-order intercept point (IP3) - the extrapolated RF output power at which the third-order intermodulation products equal the fundamental signal power, measured while varying the baseband I/Q input amplitude with the LO drive held constant. Measured in dBm. For output quantities,



Where  is the measured fundamental output power,  is the difference between the fundamental and the third-order product.

Note: Fundamental output power increases 1 dB per 1 dB input increase. Third-order distortion increases 3 dB per 1 dB input increase. IP3 determines how well the modulator handles multi-tone or wideband signals without creating intermodulation distortion. Poor IP3 leads to spectral regrowth, degraded ACPR, interference within the signal band, increased EVM.

18. Second-order intercept point (IP2) - is a figure of merit that describes the level of second-order nonlinear distortion in a device. It is defined as the hypothetical input or output power level at which the extrapolated second-order intermodulation products equal the power of the fundamental signal. Measured in dBm. For output quantities,



Where  is the fundamental output power,  is the difference between the fundamental and the second-order product.

Note: Second-order distortion grows 2 dB for every 1 dB increase in input power, while the fundamental grows 1 dB per 1 dB. IP2 indicates sensitivity to even-order distortion, which can cause:
DC offsets in zero-IF receiver - second-order distortion can generate signals near 0 Hz after downconversion, producing DC offsets in the baseband.
Distortion from envelope variations - nonlinearities distort the amplitude variations of modulated signals, creating extra low-frequency components.
Unwanted baseband mixing products - second-order mixing between RF signals can generate frequencies that fall directly into the baseband spectrum.
In IQ modulators IP2 is often less critical because differential architectures suppress even-order distortion. IQ modulators use differential architectures because balanced mixers and differential baseband paths provide high IP2, reduced LO feedthrough, reduced even-order distortion, better image suppression.

19. Harmonic distortion - the generation of signal components at integer multiples of the fundamental frequency when a signal passes through a nonlinear device. Measured in dBc relative to the fundamental signal. For the n-th harmonic,


Where  is the power of the fundamental signal,  is the power of the n-th harmonic.

Note: Harmonic distortion is caused by device nonlinearities such as transistor nonlinear transfer characteristics, mixer nonlinearities, amplifier saturation, bias point errors. Harmonic distortion can cause: spurious emissions, interference with other RF systems, violation of spectral mask limits, degraded signal quality.

20. Spurious emissions - unwanted spectral components generated by the device that appear at frequencies other than the intended signal frequencies. These emissions arise from device nonlinearities, leakage paths, and internal mixing mechanisms. Measured in dBm. 
Note: spurs may originate from LO leakage, image sideband, harmonics, intermodulation products, internal clock or digital noise, power supply coupling. Spurious emissions can cause interference with nearby systems, violation of regulatory limits (FCC, ETSI), degraded spectral purity, failure to meet spectral mask requirements.
21. SFDR (spurious-free dynamic range) - the ratio between the power of the desired signal and the power of the largest spurious component within a specified frequency range. It is a performance metric summarizing the dynamic range before any spur becomes significant. Measured in dB.

Where  is the power of the desired signal,  is the power of the largest spurious component.

22. AM/AM conversion describes the relationship between input amplitude and output amplitude of the device. In an ideal linear system:



Where  is the input amplitude (baseband voltage),  is the output amplitude (RF tone),  is the voltage conversion gain.
However, nonlinearities cause gain compression, so the relationship becomes nonlinear. The effect is represented as:



Where  deviates from a linear function.
Note: AM/AM conversion leads to gain compression, spectral regrowth, distortion of modulation amplitude.

23. AM/PM conversion occurs when changes in the input amplitude cause phase shifts in the output signal:

It can also be plotted as:

Because  is a constant.
Note: AM/PM distortion leads to constellation rotation, increased EVM, degraded modulation accuracy.

24. Noise floor (output noise spectral density) - the level of unwanted noise present at the RF output of the modulator when no modulation signal is applied. It represents the minimum signal level that can be distinguished above the device’s internal noise. The noise floor is usually expressed as output noise spectral density, in units of dBm/Hz.
Mathematically, output noise spectral density is defined as the noise power per unit bandwidth:



Where  is the measured noise power,  is the measurement bandwidth.

Note: the output noise floor of an IQ modulator can come from thermal noise (resistive components), mixer noise (switching noise in mixers), LO phase noise, baseband amplifier noise, power supply noise. The noise floor determines the minimum detectable signal and affects: spurious-free dynamic range (SFDR), signal-to-noise ratio (SNR), overall dynamic range of the transmitter system.

25. Noise figure (NF) - the ratio of input SNR to output SNR in dB:



Noise figure determines how much the output noise floor rises above thermal noise. Thermal noise density:


Output noise spectral density:



Where  is the device gain/loss,  is the noise figure.

Note: many IQ modulators are transmitter blocks and specify output noise floor rather than NF. For transmitters, EVM, phase noise, ACPR, SFDR are usually more important metrics than NF. NF is most relevant for frequency-converting two-port devices or receiver-side IQ mixers because they determine system sensitivity. If NF is unspecified, state “unspecified” and use noise-floor measurements instead.
When measuring NF of an IQ modulator, LO phase noise contributes to output noise, I/Q baseband circuits add noise, measurement depends strongly on LO power level. So test conditions must be specified: LO frequency, LO power, I/Q termination, output bandwidth.
In order to calculate the NF of an IQVM,
1. Apply a specified LO drive
2. Measure output noise density:  (dBm/Hz)
3. Calculate NF using:  (where  is the conversion gain/loss).

26. Residual (additive) phase noise - the phase noise added by the modulator beyond the phase noise already present on the LO:



Where  is the output phase noise,  is the LO phase noise,  is the additive phase noise from the modulator. Measured in dBc/Hz at a specified offset frequency.
Because phase-noise terms add in linear power, the additive phase noise is:




Note: phase noise represents random fluctuations in the instantaneous phase of the RF signal.

27. Residual (additive) AM noise - the additional amplitude noise introduced by the modulator to an otherwise ideal carrier. Measured in dBc/Hz.


	Where ,
 .
Because phase-noise terms add in linear power, the additive AM noise is:


Note: AM noise represents random fluctuations in the signal amplitude. Sources of the AM noise include baseband circuitry noise, mixer switching noise, bias network noise, power supply noise.
Residual AM and phase noise effect EVM, spectral purity, close-in phase noise performance, radar or communication system sensitivity.
28. SNR (signal-to-noise ratio) – the ratio of the power of the desired signal to the power of the noise present in the system. It indicates how clearly the signal can be distinguished from noise. Measured in dB.
Mathematically,



Where  is the power of the desired signal,  is the noise power within the measurement bandwidth.
In order to measure SNR for an IQ modulator:
1. Apply a known baseband signal to the modulator (at a specific LO).
2. Measure the RF output signal power.
3. Measure the noise power in the same bandwidth with the baseband signal removed (at the same specific LO).
4. Compute the ratio.

	Where  is the carrier power (dBm),  is the noise floor (dBm).
Note: SNR in an IQ modulator can be limited by thermal noise, baseband circuit noise, LO phase noise, power supply noise, mixer switching noise. SNR determines modulation accuracy, EVM, BER (bit error rate), overall communication system performance.
29. EVM (error vector magnitude) - the root-mean-square (RMS) magnitude of the vector difference between the measured constellation points and their corresponding ideal symbol locations, typically normalized to the RMS magnitude of the ideal signal. It is either expressed as % or dB.
For a set of measured symbols,



Where  is the measured symbol,  is the ideal symbol location.



Note: Many imperfections contribute to EVM – I/Q gain imbalance, quadrature phase error, LO phase noise, AM/AM distortion, AM/PM distortion, noise floor, carrier leakage. EVM is a system-level metric that summarizes many imperfections simultaneously. It directly affects BER, data throughput, communication reliability. Many communication standards specify maximum allowed EVM.
30. MER (Modulation Error Ratio) is a metric used in digital modulation systems (QAM, QPSK, OFDM, etc.) to quantify how clean the  transmitted signal is compared to an ideal reference.



Where  is the power of the ideal constellation points,  is the power of the error vector (difference between measured and ideal symbols).

31. BER (bit error rate) - the ratio of the number of bit errors to the total number of transmitted bits during a specified observation period.

	Where  is the number of incorrectly received bits,  is the total number of 	transmitted bits.
Note: Higher SNR generally results in lower BER. Higher EVM generally results in higher BER. BER is typically measured using a bit error rate tester (BERT). In BERT, The received bit stream is compared to the original transmitted sequence to count errors.
Ber can be degraded by noise, interference, nonlinear distortion, phase noise, I/Q imbalance, poor synchronization. Typically, BER =  is considered	 poor link quality, BER =  - good communication system, BER =  or lower – high-reliability system. 
32. ACPR/ACLR (adjacent channel power/leakage ratio) - the amount of signal power that leaks from the main transmission channel into adjacent frequency channels due to nonlinear distortion and spectral regrowth. They are typically expressed in dBc.


Where  is the power within the main signal bandwidth,  is the power measured in an adjacent channel bandwidth. 
The main channel is the frequency band occupied by the intended transmitted signal. The main channel is the frequency band occupied by the intended transmitted signal. For example, if a signal has a center frequency  and bandwidth , the main channel is approximately 

The power integrated over this band is:

The adjacent channels are the frequency bands immediately next to the main channel, typically with the same bandwidth as the main channel. So in this example, upper adjacent channel:

Lower adjacent channel:

The power integrated over these regions is:

Note: Mathematically, ACPR and ACLR are equivalent. ACPR is used as a general RF measurement term, ACLR is used in cellular standards. ACPR degradation is mainly caused by amplifier compression, nonlinearities in mixers, AM/AM distortion, AM/PM distortion, high peak-to-average power ratio signals. Low ACPR means less interference with neighboring channels, compliance with spectral masks and regulations, better transmitter linearity, improved communication system performance.

33. Instantaneous bandwidth (IBW) - the maximum frequency span over which a device can operate or process signals simultaneously at a given moment without changing its tuning or center frequency. Measured in Hz.
In IQ modulators, the instantaneous RF bandwidth is typically determined by the baseband bandwidth of the I/Q inputs. If the baseband bandwidth is



Then the RF instantaneous bandwidth is approximately



Because modulation produces frequencies:


For 64-QAM, 



Where  is the symbol rate, and  is the roll-off factor.

Note: Instantaneous bandwidth determines the maximum modulation bandwidth, the ability to support wideband signals, system flexibility without retuning the LO.

34. Occupied bandwidth (OBW) - the frequency range that contains a specified percentage (commonly 99%) of the total integrated signal power. Measured in Hz.
If the total signal power is , the occupied bandwidth is defined such that 



is contained between two frequencies: 



The occupied bandwidth is then:



Note: OBW determines how efficiently spectrum is used, compliance with regulatory bandwidth limits, interference with neighboring channels.
IBW defines capability and hardware limits, whereas OBW captures real signal usage.

35. Baseband magnitude flatness - the maximum deviation of the modulator’s conversion gain from its nominal value across the specified baseband bandwidth. It is measured in dB.
If the conversion gain at frequency  is  and the reference gain is ,



The magnitude flatness is the maximum absolute deviation over the baseband bandwidth:


Note: poor magnitude flatness causes unequal amplification of different frequency components, waveform distortion, degraded EVM, reduced signal fidelity for wideband modulation.

36. Baseband linearity - the degree to which the RF output signal amplitude is proportional to the baseband input amplitude over the specified operating range.
In an ideal modulator,



Where  is the baseband input amplitude,  is the RF output amplitude,  is the conversion gain. Deviations from this proportional relationship indicate nonlinearity.
Note: causes of baseband nonlinearity arise from baseband amplifiers, mixer switching characteristics, bias circuit limitations, device saturation or compression. Nonlinear behavior can cause AM/AM distortion, AM/PM distortion, increased EVM, spectral regrowth, degraded ACPR.

37. Group delay describes how much time delay a signal experiences as it passes through the IQ modulator as a function of frequency. It indicates how the phase of the signal changes with frequency. Measured in ns.
Mathematically, group delay is the negative derivative of the phase response with respect to frequency:



Where  is the group delay,  is the phase response,  is the frequency.

Note: If the phase response is perfectly linear with frequency, all frequency components experience the same delay, meaning the signal waveform is preserved. Group delay variation causes waveform distortion, symbol timing distortion, degraded EVM, degraded performance for wideband modulation.

38. Group-delay ripple describes the variation of group delay across the operating bandwidth. It is measured in ns.
Mathematically, group-delay ripple is the variation of group delay over the specified frequency range:



39. I/Q skew - the time difference between the arrival of the I and Q signals at the modulator output or internal mixing stage. Measured in ns.



Where  is the delay though the I path,  is the delay through the Q path. 
Ideally, the I and Q signals should be perfectly synchronized, meaning 



If one path is delayed relative to the other, the signals are no longer exactly 90° apart at all frequencies. This introduces a frequency-dependent phase error.

Note: The phase error caused by skew depends on the baseband frequency: 



where  is the baseband frequency. Hence, skew becomes more problematic for wideband signals.
I/Q skew can cause degraded SBS, reduced IRR, increased EVM, constellation distortion.

40.  Differential pair mismatch - the imbalance between the two lines of a differential signal pair, resulting in impedance mismatch, unequal amplitude, phase, or delay between the positive and negative signals.

Note: Differential pair mismatch may result from unequal PCB trace lengths, impedance discontinuities, component tolerance differences, unequal loading of the pair, layout asymmetry. 
Mismatch within the differential pair can lead to reduced common-mode rejection, increased even-order distortion, degraded linearity, degraded EVM, additional spurious signals. It may also contribute indirectly to I/Q imbalance if the I and Q pairs behave differently.

41. I/Q input impedance is the effective impedance presented by the modulator at the I and Q input ports. It determines how the modulator loads the driving baseband source.

Note: proper impedance matching ensures minimal signal reflections, predictable signal amplitude, accurate modulation.

42. Common-mode rejection (CMRR) - the ratio of the gain applied to a differential signal to the gain applied to a common-mode signal. It quantifies how effectively the modulator rejects signals that appear identically on both lines of a differential pair. Higher CMRR indicates better rejection of common-mode interference.




Note: poor performance in CMRR can lead to increased spurious signals, degraded EVM, increased even-order distortion, increased carrier leakage, susceptibility to noise and interference.

43. Differential balance - refers to the degree to which the positive and negative signals of a differential pair are equal in magnitude and opposite in phase. 
Ideally, 



Deviations from this ideal condition indicate imbalance.

Note: differential imbalance may appear as amplitude mismatch, phase mismatch, delay mismatch.

44. Transient response - the time-domain behavior of the RF output following a sudden change (step or pulse) in the baseband input, LO drive, or control signal. It typically includes characteristics such as rise time, fall time, overshoot, ringing, settling behavior. Measured in ns.

Note: If the baseband input changes abruptly, the RF output does not change instantaneously due to the finite bandwidth of the internal circuits. Transient behavior is influenced by: baseband amplifier bandwidth, mixer switching dynamics, internal filtering networks, bias and control circuits, parasitic capacitances and inductances.
Slow or unstable transient response can cause: distortion of rapidly changing signals, degraded modulation accuracy, increased EVM, signal overshoot or ringing in pulsed systems.

45. Temperature drift and stability vs temperature - refers to the change in a specified parameter (conversion loss, I/Q gain imbalance, quadrature phase error, LO leakage, output power, linearity, noise floor, SBS, EVM, etc.) as the device temperature changes over its operating range. Measured in parameter per °C.

Note: temperature drift can cause degraded EVM, degraded image rejection, increased carrier leakage, instability in precision RF systems.
Systems operating outdoors or in high-power environments require good temperature stability.

46. Aging stability / long-term drift - the gradual change in the electrical performance of the modulator over time under normal operating conditions. Measured in parameter units per time.

Note: performance drift may be caused by transistor parameter drift, electromigration, dielectric aging, bias network drift, thermal cycling. Aging may affect key IQ modulator characteristics, including conversion gain, I/Q gain imbalance, quadrature phase error, LO leakage, output power, linearity.
Long-term drift can cause calibration errors, degraded modulation accuracy, reduced system reliability, need for periodic recalibration.
Systems requiring high precision (e.g., radar, instrumentation) are particularly sensitive to aging effects.

47. Power consumption (V, I, P) and supply sensitivity (PSRR-induced spurs). Power consumption describes the electrical power required by the modulator from its supply rails during operation.
Supply voltage - operating voltage of the device.
Supply current - current drawn from the supply.
Power - total power consumed.
Power Supply Rejection Ratio (PSRR) describes how well the modulator suppresses disturbances or noise from its power supply. Measured in dB.


Note: higher PSRR indicates better suppression of supply noise. Noise or ripple on the supply can cause spurious tones in the RF spectrum, degraded EVM, degraded phase noise, modulation distortion. These are often called PSRR-induced spurs.
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