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   ABSTRACT 

The LO harmonic effects on I/Q errors and sideband suppression (SBS) in the RF modulator 
was analyzed in application report SLWA059. This application report further investigated LO 
harmonic effects when attempting to achieve an increased level of SBS performance. The 
selectivity requirements for the second- and third-order harmonics are outlined to aid in proper 
filter design. In the measurement, the baseband I/Q inputs to the TRF3705 modulator were 
adjusted to minimize the residual sideband leakage floor due to contributions of non-LO 
harmonic amplitude and phase errors; therefore, the contribution from the LO harmonic 
components to the sideband can be determined more precisely. 
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1 I/Q Mismatch Effects on SBS 
The TRF3705 is a high-performance RF modulator for up-converting the in-phase (I) and 
quadrature-phase (Q) signals to RF signals in the transmit chain.  The SBS is one of the major 
parameters. For zero-IF (ZIF) application, the sideband leakage can distort the modulated 
signal and degrade the transmitter’s error vector magnitude (EVM). The minimum EVM 
requirement for the most efficient modulation in LTE downlink, OFDM/64QAM, is 8%, 
corresponding to about 22-dB signal-to-noise ratio (SNR). In real system design, it is typical to 
minimize RF modulator’s sideband leakage so that its impact to the EVM is negligible. For 
example, if the required EVM for the OFDM/64QAM modulation is 22 dB and the RF modulator 
SBS is -40 dBc, the sideband leakage degrades the EVM by about 0.068 dB. For a non-ZIF 
system, the sideband leakage needs to meet the requirements for protection of the base 
station (BTS) receiver, for co-location, and for co-existence. At the RF modulator output, 
typically, the requirement is for the unadjusted sideband leakage to be less than -40 dBc and 
the adjusted sideband leakage to be -60 dBc. 

I/Q errors cause sideband leakage. I/Q errors, also called I/Q mismatches, include both the 
amplitude and the phase mismatches. 

The relationship between I/Q mismatches and the sideband rejection can be described as 

θ++
θ−+

=
cosA2A1
cosA2A1log10)dBc(SBS 2

2

10  

where A is the voltage ratio between I and Q amplitudes and θ is the phase difference between 
I and Q.  Figure 1 shows the SBS versus amplitude and phase mismatches. Without amplitude 
mismatch (i.e., A = 0 dB), θ  must be less than 1.146o to achieve a SBS of better than -40 dBc 
and 0.36o for -50 dBc, which reveals that the SBS is very sensitive to the I/Q phase error. 
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SBS vs. Amplitude and Phase Errors
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Figure 1. SBS vs. I/Q Amplitude and Phase Mismatches for I/Q Modulator 

 

2 LO Harmonic Effects on SBS 
I/Q mismatches result from different sources, such as: 

• Phase mismatches from I/Q baseband signals from the DAC, 

• Gain and phase error caused by the interface circuitry implemented on the PCB between 
the DAC and the RF modulator IC (i.e., low-pass filter), 

• Gain and phase mismatches inside the RF I/Q modulator, including the input buffer 
circuitry and I/Q modulator, 

• LO gain and phase errors produced in the polyphase bridge as mentioned in application 
report SLWA059, 

• LO harmonic distortion (HD). 
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The first four sources are obvious contributors to the RF modulator output I/Q mismatch, but 
the connection from the LO harmonics to I/Q mismatches is unclear. Application report 
SLWA059 analyzed how the LO harmonics contributed to I/Q mismatches. This work provides 
more extended discussion and quantitative results for both second harmonic distortion (HD2) 
and third harmonic distortion (HD3) components. 

2.1 Phase Error Due to HD2 

Assume that the LO signal, v(t), includes the fundamental, v0(t) and the second harmonic, HD2, 
as expressed in Eq. 1: 

  )   tf2sin(2 a  t)fsin(2a  HD  (t)v v(t) 020020 φππ +×+=+=  Eq. 1 

where f0 is the LO frequency,  a0 is the amplitude of the fundamental component, a2 is the 
amplitude of the HD2, and φ is the initial phase difference between the fundamental and HD2 
components. 

As pointed out in SLWA059, φ = 90ο  produces the maximum phase error and φ = 0ο produces 
the minimum phase error between v(t) and the ideal LO signal, v0(t).  Figure 2 is the plot for 
v0(t), v(t) with φ = 90ο and HD2. The ratio of two amplitudes, ( )0210 /aalog10 B = , is chosen to be 
-20 dB. The phase error between v(t) and the ideal LO signal, v0(t), can be measured by the 
phase error at the zero crossing as highlighted around o180n × , where n = 1, 2, …. 
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Figure 2. Amplitudes of v(t), v0(t), and HD2 vs. tf2 0π  

 

The larger the amplitude of HD2, the larger the phase error is as shown in Table 1. The data 
shows that the phase errors have different polarities at 180° and 360° but the same amplitude, 
which makes the actual impact of HD2 less significant on average than if the phase error has 
the same polarity. The estimated SBS is also listed based on the calculation in Figure1. 

Here the amplitude error is not considered for the reason that TI RF modulators’ polyphase 
bridges include amplitude limiters which remove the amplitude mismatch. 

Table 1. Maximum Phase Error Due to HD2 for Initial Phase o90=φ  as Well as 
Estimated Maximum SBS Based on Data in Figure 1 
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2.2 Phase Error Due to HD3 

Similarly, assume that the LO signal, v(t), includes the fundamental, v0(t), and the third 
harmonic, HD3, as expressed in Eq. 2: 
 

 )   tf2sin(3 a  t)fsin(2a  HD  (t) v(t) 030030 φππ +×+=+= v  Eq. 2 

where a3  is the amplitude of the HD3, and φ is the initial phase difference between the 
fundamental and HD3 components. 

Again, φ = 90ο produces the maximum phase error and φ = 0ο produces the minimum phase 
error between v(t) and the ideal LO signal, v0(t).  Figure 3 is the plot for v0(t), v(t) with φ = 90ο  
and HD3. The ratio of two amplitudes, ( )03 /aa 10log10B = , is chosen to be -20 dB. 

 
Figure 3. Amplitudes of v(t), v0(t), and HD3 vs. 2πf0t 

Table 3 shows the maximum phase error due to HD3 for the initial phase φ = 90ο. It reveals that 
the phase errors have the same polarity at both 180° and 360° and about the same amplitude. 
Because of this, one can expect that HD3 makes a more significant impact than HD2 with the 
same error amplitude. It is worth to mention that the phase error will be smaller than the 
maximum phase error given in Table 2 if the initial phase is different from 90°. The estimated 
SBS also is listed based on the data in Figure 1. 
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Table 2. Maximum Phase Error Due to HD3 for Initial Phase φ = 90ο as Well as Estimated 
Maximum SBS Based on Data in Figure 1 

 

 

2.3 Experiments 

A test setup similar to the one described in Application Report SLWA059 was used except: 

• A low-pass filter (LPF) with a cutoff frequency of 1200 MHz was added to remove 
harmonic components in the LO fundamental component generation path. 

• TRF3705 was adjusted to minimize the sideband leakage before the harmonic component 
was provided. 

Two signal generators with filters separately emulated the fundamental and harmonic 
components. Two different band-pass filters removed the second and third harmonic 
components in the HD generation path. The LO frequency was 983 MHz. Figure 4 shows the 
test setup. 

The maximum and minimum SBSs were measured by adjusting the phase of the harmonic 
component. Note that the phase of the signal generator’s output is different even when only the 
output amplitude level is adjusted; therefore, the output phase of E4438C was readjusted to 
find the maximum and minimum SBS after its amplitude was changed. 

The SBS was measured for the different power levels of HD2 and HD3. The results are provided 
in Figures 5 and 6 and summarized as follows: 

1. The measured maximum SBS due to HD3 was only about 2 dB worse than the 
theoretical calculation given in Table 2.  

2. For the minimum SBS case, SBS should be zero if the initial phase is adjusted to be 
exactly 0o. This indicated that there are still some residual amplitude and phase 
mismatches. For example, it could be due to phase uncertainty from the two generators 
even though they were synchronized to the same 10-MHz reference signal. 

3. The HD2 impact was much less significant than HD3, which proved that the different 
polarity of its phase error at 180° and 360° was the key.  
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Figure 4. Test Setup 

SBS vs. HD2 Power
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Figure 5. SBS vs. HD2 
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Figure 6. SBS vs. HD3 

3 Examples 

3.1 Example 1 

In a real system, the LO signal is generated by a high-performance RF synthesizer, such as 
TI’s TRF3765 which is a wideband integer-N/fractional-N frequency synthesizer with an 
integrated, wideband voltage-controlled oscillator (VCO). Usually, this type of RF synthesizer 
has high harmonic levels. A low-pass filter must be used to suppress its harmonic components 
to improve the SBS performance. 

First, the I/Q phase and amplitude of baseband I/Q inputs to TRF3705 were adjusted to 
minimize the SBS residual floor when an HP 8664 signal generator was used as the LO source 
as in Figure 7. Then, the TRF3765 RF output was switched as the LO source. By carefully 
selecting the fundamental frequency and using a LPF with its cutoff frequency as 2000 MHz, 
LO signals with different combinations of harmonic components were realized and SBS was 
measured as shown in Table 3. The estimated maximum and minimum SBSs based on Figures 
5 and 6 also were listed. The following are a few observations. 
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• In Cases 1 and 2, HD3 component was removed by the LPF with the cutoff frequency fc = 
1200 MHz but HD2 component was strong. In both cases, the measured SBS fell between 
the maximum and minimum SBS curves in Figure 5.  

• Furthermore, even though the HD2 in Case 1 was larger than the HD2 in Case 2, the 
measured SBS in Case 1 was smaller than the measured SBS in Case 2 due to different 
relative phase between the fundamental and HD2 components.  

• In Case 3, both HD2 and HD3 existed but HD3 had the dominant impact and the measured 
SBS fell between the maximum and minimum curves in Figure 6.  

In general, the SBS is bounded by the maximum and minimum curves in Figures 5 and 6. The 
selectivity requirements for the LO filter design must aim for the worst case given by the 
maximum curves. 
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Figure 7. Test Setup Using TRF3765 as LO Source 

 

Table 3. Estimated and Measured SBS Using TI’s TRF3765 as LO Source 
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3.2 Example 2 

This example is to design a Chebyshev LPF to reduce the TRF3765 harmonic component 
levels so that the degradation caused by HD2 and HD3 is less than -45 dBc. The typical 
TRF3765 harmonic distortion levels are shown in Figure 8. At 725 MHz, HD2 and HD3 are 
approximately -22 dBc and -10 dBc. The HD3’s contribution is dominant in this case. If a fifth-
order Chebyshev LPF filter for 725 MHz is used as shown in Figure 9, the rejection for the HD3 
at 2175 MHz is 56 dB, which is more than the needed 31-dB rejection to reduce the -10-dB 
HD3 component to below -41 dBc for the worst SBS. 

 
Figure 8. Typical TRF3765 Harmonic Distortion Levels 
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Figure 9. Fifth-Order Chebyshev LPF With Cutoff Frequency = 860 MHz and Its Simulated 
Frequency Response With 36.5-dB Rejection at 1450 MHz and 56.4-dB Rejection at 2175 MHz. 

4 Conclusion 
This application report investigates LO harmonic effects when attempting to achieve an 
increased level of SBS performance. The analysis and measurement provided upper and lower 
bounds to the degradation caused by LO harmonic components, which defines the selectivity 
requirements for the proper filter design. 

Reference 
LO Harmonic Effects on I/Q Balance and SBS in Complex I/Q Modulators application report 
(SLWA059) 



IMPORTANT NOTICE

Texas Instruments Incorporated and its subsidiaries (TI) reserve the right to make corrections, modifications, enhancements, improvements,
and other changes to its products and services at any time and to discontinue any product or service without notice. Customers should
obtain the latest relevant information before placing orders and should verify that such information is current and complete. All products are
sold subject to TI’s terms and conditions of sale supplied at the time of order acknowledgment.

TI warrants performance of its hardware products to the specifications applicable at the time of sale in accordance with TI’s standard
warranty. Testing and other quality control techniques are used to the extent TI deems necessary to support this warranty. Except where
mandated by government requirements, testing of all parameters of each product is not necessarily performed.

TI assumes no liability for applications assistance or customer product design. Customers are responsible for their products and
applications using TI components. To minimize the risks associated with customer products and applications, customers should provide
adequate design and operating safeguards.

TI does not warrant or represent that any license, either express or implied, is granted under any TI patent right, copyright, mask work right,
or other TI intellectual property right relating to any combination, machine, or process in which TI products or services are used. Information
published by TI regarding third-party products or services does not constitute a license from TI to use such products or services or a
warranty or endorsement thereof. Use of such information may require a license from a third party under the patents or other intellectual
property of the third party, or a license from TI under the patents or other intellectual property of TI.

Reproduction of TI information in TI data books or data sheets is permissible only if reproduction is without alteration and is accompanied
by all associated warranties, conditions, limitations, and notices. Reproduction of this information with alteration is an unfair and deceptive
business practice. TI is not responsible or liable for such altered documentation. Information of third parties may be subject to additional
restrictions.

Resale of TI products or services with statements different from or beyond the parameters stated by TI for that product or service voids all
express and any implied warranties for the associated TI product or service and is an unfair and deceptive business practice. TI is not
responsible or liable for any such statements.

TI products are not authorized for use in safety-critical applications (such as life support) where a failure of the TI product would reasonably
be expected to cause severe personal injury or death, unless officers of the parties have executed an agreement specifically governing
such use. Buyers represent that they have all necessary expertise in the safety and regulatory ramifications of their applications, and
acknowledge and agree that they are solely responsible for all legal, regulatory and safety-related requirements concerning their products
and any use of TI products in such safety-critical applications, notwithstanding any applications-related information or support that may be
provided by TI. Further, Buyers must fully indemnify TI and its representatives against any damages arising out of the use of TI products in
such safety-critical applications.

TI products are neither designed nor intended for use in military/aerospace applications or environments unless the TI products are
specifically designated by TI as military-grade or "enhanced plastic." Only products designated by TI as military-grade meet military
specifications. Buyers acknowledge and agree that any such use of TI products which TI has not designated as military-grade is solely at
the Buyer's risk, and that they are solely responsible for compliance with all legal and regulatory requirements in connection with such use.

TI products are neither designed nor intended for use in automotive applications or environments unless the specific TI products are
designated by TI as compliant with ISO/TS 16949 requirements. Buyers acknowledge and agree that, if they use any non-designated
products in automotive applications, TI will not be responsible for any failure to meet such requirements.

Following are URLs where you can obtain information on other Texas Instruments products and application solutions:

Products Applications

Audio www.ti.com/audio Automotive and Transportation www.ti.com/automotive

Amplifiers amplifier.ti.com Communications and Telecom www.ti.com/communications

Data Converters dataconverter.ti.com Computers and Peripherals www.ti.com/computers

DLP® Products www.dlp.com Consumer Electronics www.ti.com/consumer-apps

DSP dsp.ti.com Energy and Lighting www.ti.com/energy

Clocks and Timers www.ti.com/clocks Industrial www.ti.com/industrial

Interface interface.ti.com Medical www.ti.com/medical

Logic logic.ti.com Security www.ti.com/security

Power Mgmt power.ti.com Space, Avionics and Defense www.ti.com/space-avionics-defense

Microcontrollers microcontroller.ti.com Video and Imaging www.ti.com/video

RFID www.ti-rfid.com

OMAP Mobile Processors www.ti.com/omap

Wireless Connectivity www.ti.com/wirelessconnectivity

TI E2E Community Home Page e2e.ti.com

Mailing Address: Texas Instruments, Post Office Box 655303, Dallas, Texas 75265
Copyright © 2012, Texas Instruments Incorporated

http://www.ti.com/audio
http://www.ti.com/automotive
http://amplifier.ti.com
http://www.ti.com/communications
http://dataconverter.ti.com
http://www.ti.com/computers
http://www.dlp.com
http://www.ti.com/consumer-apps
http://dsp.ti.com
http://www.ti.com/energy
http://www.ti.com/clocks
http://www.ti.com/industrial
http://interface.ti.com
http://www.ti.com/medical
http://logic.ti.com
http://www.ti.com/security
http://power.ti.com
http://www.ti.com/space-avionics-defense
http://microcontroller.ti.com
http://www.ti.com/video
http://www.ti-rfid.com
http://www.ti.com/omap
http://www.ti.com/wirelessconnectivity
http://e2e.ti.com

